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Abstract: 
 
In this thesis, Salmonella metabolism during infection was investigated. The goal was to gain a 
quantitative and comprehensive understanding of Salmonella in vivo nutrient supply, utilization 
and growth. 
To achieve this goal, we used a combined experimental / in silico approach. First, we generated 
a reconstruction of Salmonella metabolism ([1], see 2.1). This reconstruction was then combined 
with in vivo data from experimental mutant phenotypes to build a comprehensive quantitative 
in vivo model of Salmonella metabolism during infection (unpublished data, see 2.2). The data 
indicated that Salmonella resided in a quantitatively nutrient poor environment, which limited 
Salmonella in vivo growth. On the other hand, the in vivo niche of Salmonella was qualitatively 
rich with at least 45 different metabolites available to Salmonella. We then used the in vivo 
model of infection to analyze reasons for the preponderance of Salmonella genes with 
undetectable virulence phenotype (unpublished data, see 2.3). Our data indicated that host 
supply with diverse nutrients resulted in large-scale inactivity of numerous Salmonella metabolic 
pathways. This together with extensive metabolic redundancy was the main cause of the 
massive Salmonella gene dispensability during infection. To verify this hypothesis 
experimentally, an unbiased method for large scale mutagenesis was developed (unpublished 
data, see 2.4). Results from 20 Salmonella mutator lines indicate that Salmonella can tolerate at 
least some 2700 to 3900 mutations, emphasizing again that a vast majority of Salmonella genes 













































1.1 Salmonella morphology and phylogeny 
 
Salmonella is a Gram-negative, rod shaped gammaproteobacterium [2]. The genus Salmonella is 
divided into two species, S. bongori and S. enterica [3, 4]. Whereas S. bongori is associated with 
cold-blooded animals [5], S. enterica is a pathogen for warm-blooded animals. S. enterica is 
divided into six subspecies. These subspecies contain over 2500 different Salmonella strains 
(serovars), which differ in their host specificity and can be distinguished by distinct antibody 
responses against their outer membrane and their flagella [6, 7]. Salmonella enterica subspecies 
enterica (subspecies I) forms with 1531 serovars the biggest group and contains relevant human 
pathogens like the serovars Typhi, Enteritis and Typhimurium [7-9].  
 
 
1.2 Salmonella epidemiology and pathology 
 
Salmonella is best known for two diseases it causes in humans - gastroenteritis and typhoid 
fever, which are caused by different Salmonella serovars. Over 90 million persons are infected 
with gastroenteritis causing Salmonella per year (average mortality rate 0.17%) [10]. Compared 
to this, the annual infection rate with typhoid fever causing Salmonella is lower (21.6 million 
persons per year), but typhoid fever cases have a higher mortality rate (1%) [11]. 
In both diseases, infection with Salmonella starts with ingestion of contaminated food or water. 
Salmonella passes through the stomach into the gut. Non-typhoidal Salmonella serovars like S. 
Enteritis and S. Typhimurium replicate in healthy persons only in the intestine, which causes 
gastroenteritis. Disease symptoms include diarrhea, fever, vomiting and abdominal pain. The 
disease is normally self-limiting with symptoms resolving after five to seven days (reviewed in 
[12, 13]). Typhoid fever on the other hand is caused by the human specific pathogen S. Typhi. 
The pathogen can cross the intestinal barrier into the bloodstream, and disseminates into the 
whole organism (systemic disease). During the course of the disease, bacteria can be found in 




progressively rising fever, nausea, muscle pain and bronchitic cough, which can take 3 to 4 
weeks to resolve [14, 15]. In 3 – 5% of the cases, typhoid fever develops into an asymptomatic 
chronic infection. There, S. Typhi colonizes the gall bladder and is excreted via the feces for 
weeks up to decades. Chronically infected individuals are healthy carriers that form reservoirs 
for the pathogen. The most famous example of a chronic carrier was the cook Mary Mallone 
(“Typhoid Mary”). Before she was imprisoned in 1907, she infected within seven years around 
57 persons with S. Typhi ([16, 17], reviewed in [18]). In the elderly, children or persons with 
immune system deficiencies, non-typhoidal Salmonella (NTS) can also cause a systemic 
infection. NTS cases show symptoms similar to typhoid fever and have a high mortality rate 
(20%) ([19], reviewed in [20]).  
 
 
1.3 Model systems to analyze Salmonella infections 
 
S. Typhi causes severe infections in humans, but a practical model to analyze this infection in 
small animals is still lacking. S. Typhi is adapted to humans and does not cause infections in 
normal mice. On the other hand, mice with a humanized immune system can be successfully 
infected with S. Typhi. However, these experiments are labour intensive and there are big 
variations in the course of infection and Salmonella load between individual animals [21, 22]. 
Current research is therefore focused on models with non-typhoidal strains to analyze 
Salmonella virulence traits and processes. The model used most frequently is infection of 
genetically susceptible Balb/C mice with S. Typhimurium. Balb/C mice lack the divalent cation 
transporter Slc11a1, which is essential for control of Salmonella infection [23-25]. Infection of 
Balb/C mice with S. Typhimurium leads to a systemic disease similar to typhoid fever in humans. 
This includes Salmonella systemic spread to bone marrow, spleen and liver and replication in 
macrophages. S. Typhimurium infection in susceptible mice also leads to an enlargement of 
spleen and liver (hepatosplenomegaly) and the encapsulation of the pathogens by clusters of 




1.4 Pathogenesis of S. Typhimurium infection in mice 
 
The oral infectious dose for Balb/C mice is some 105 S. Typhimurium [29]. After ingestion the 
bacteria reach the stomach, where a large majority is killed [30]. The few surviving bacteria pass 
from the stomach into the intestine, where they cross through the intestinal barrier into the 
lamina propria. Invasion is facilitated via endocytosis by microfold cells (M cells) in Peyer´s 
patches, or via sampling by dendritic cells directly from the gut lumen [31-35]. Salmonella 
causes systemic disease by infecting dendritic cells and CD18-expressing phagocytes, which 
disseminate the pathogen throughout the body. S. Typhimurium replicates then mainly in 
macrophages in mesenteric lymph nodes, spleen, liver and bone marrow [27, 36, 37]. 
Salmonella also colonizes the gall bladder epithelium. The bacteria are shedded through the bile 
duct into the intestine and are excreted with feces, thus completing the transmission cycle [38, 
39]. 
After uptake of Salmonella by macrophages, the Salmonella containing phagosome initially 
follows normal phagosome maturation, but largely prevents fusion with lysosomes ([40-46], 
reviewed in [47]). Instead, the Salmonella containing vacuole (SCV) provides an intracellular 
replication niche for the pathogen, which is essential for systemic infections [48, 49]. Earlier 
studies suggested that the SCV forms an isolated compartment in the host cell, but recent 
results indicate active communication of the SCV with vesicles of host cell endo- and exocytosis 
[45, 50].  
During the various steps in the infection cycle, Salmonella uses at least 200 different virulence 
genes. The chromosomal region called Salmonella pathogenicity island 1 (SPI1) encodes a type 
III secretion system (T3SS) and associated effectors that are secreted during infection [51]. SPI1 
promotes gastroenteritis and induces phagocytosis in non-phagocytic cells through actin 
remodeling ([52], reviewed in [53]). For intracellular survival and growth, PhoPQ as well as 
virulence genes of the Salmonella pathogenicity island 2 (SPI2) are required [49, 54-56]. PhoPQ 
is a two-component system that can sense intracellular conditions [57, 58]. Upon uptake into 
the phagosome, it activates (amongst others) genes for resistance against oxidative stress and 




secreted effector proteins. The main function of SPI2 is modification of host vesicle trafficking to 
promote Salmonella in vivo growth ([62], reviewed in [63]). 
 
 
1.5 Metabolism, virulence and in silico approaches 
 
In addition to virulence genes, Salmonella survival and growth in host tissues depends on 
specific metabolic capabilities. Different sets of metabolic genes are expressed during 
gastroenteritis and systemic infections, with metabolic genes making up more than half of the 
proteins with detectable in vivo abundance [64, 65]. Defects in metabolism 
(anabolism/catabolism) reduce replication and virulence. For example, the inactivation of 
anabolic genes like aroA, purA, asd, fabB, ribB or catabolic genes of glycolysis (pfkAB) and citric 
acid cycle (sucCD, mdh) resulted in attenuated to avirulent Salmonella mutants ([48, 49, 64, 66-
69], own unpublished data). The ability to use host metabolites as nutrient source or as electron 
acceptor is also a distinct competitive advantage or even a necessity for Salmonella virulence 
([69-71] own unpublished data).  
These examples demonstrate crucial importance of Salmonella metabolism for virulence. 
However, the various findings have not yet yielded an integrated quantitative understanding of 
metabolism during infection. Specifically, it is unclear: 
- Which nutrients are available to Salmonella during infection, and what impact these 
nutrients have on Salmonella in vivo metabolism. 
- How different metabolic pathways interact during infection. 
- What the reasons for the remarkable robustness of Salmonella metabolism are [64].  
- Whether the vast majority of metabolic genes with undetectable virulence contribution 




Resolving these issues requires a quantitative and comprehensive understanding of metabolism 
based on a combined experimental / in silico approach. To enable such an approach, all known 
metabolic reactions with associated metabolites and enzymes are listed in a computer-readable 
format (Systems biology markup language (SBML) [74]). The reactions are incorporated in the 
respective stoichiometries with charge and mass balance. Reaction irreversibility is also 
determined, based on reaction thermodynamics [75]. The result is a Biochemically, Genetically 
and Genomically structured genome-scale metabolic network reconstructions (BiGG database) 
(reviewed in [76]). A BiGG database is based on in vitro metabolism, which is well characterized 
in Salmonella ([77, 78], reviewed in [79]). Such an in silico database can be analyzed using a 
method called flux balance analysis (FBA). FBA predicts metabolic reactions that can yield 
biomass with all required components for cell growth in defined environmental conditions. The 
main advantage of FBA is that this method can be applied with high accuracy and predictive 
power to genome-scale metabolic networks [80-82]. FBA can also be used to predict the 
phenotypes of metabolic mutants, with recent Escherichia coli reconstructions predicting gene 
essentiality with an accuracy of over 90% ([80, 81, 83], own unpublished data). The utility of this 
approach is also emphasized by consistency of FBA predictions with proteome and 
transcriptome data [84].  
As Salmonella metabolism and growth depends on available nutrients, this must be an integral 
part of any comprehensive model. However, data on relevant nutrients in infected host tissues 
remains fragmentary and quantitative data on nutrient supply are completely lacking. These 











1.6 Goal of the thesis  
 
The goal of this thesis was to analyze Salmonella in vivo nutrition, genome scale metabolism and 
in vivo replication. To achieve this goal, four specific aims were followed: 
 
1) To generate a reconstruction of Salmonella metabolism for enabling in silico analysis of 
Salmonella metabolism during infection (see 2.1). 
 
2) To obtain quantitative nutrient availability data during infection and to incorporate these data 
in a comprehensive metabolism model (see 2.2). 
 
3) To analyze extent and causes of apparent massive enzyme dispensability during infection 
(see 2.3). 
 








2.1  A community effort towards a knowledge-base and mathematical  
model of the human pathogen Salmonella Typhimurium LT2 
 
BMC Syst Biol. 2011 Jan 18;5:8. 
Thiele I, Hyduke DR, Steeb B, Fankam G, Allen DK, Bazzani S, Charusanti P, Chen FC, Fleming RM, 
Hsiung CA, De Keersmaecker SC, Liao YC, Marchal K, Mo ML, Özdemir E, Raghunathan A, Reed 
JL, Shin SI, Sigurbjörnsdóttir S, Steinmann J, Sudarsan S, Swainston N, Thijs IM, Zengler K, Palsson 
BO, Adkins JN, Bumann D  
 
Summary: 
Parallel efforts of separate groups can lead to different metabolic reconstructions (MRs) for the 
same organism. Differences can arise e.g. due to inconsistent literature interpretation or 
dissimilar reconstruction methods. The merging of different MRs leads to an improved 
consensus version, which can be used by the scientific community for more accurate in silico 
analysis of the organism in question. 
In this paper, we presented a consensus version of a genome-scale metabolic network 
reconstruction of Salmonella enterica subspecies enterica serovar Typhimurium. In a 
community-driven effort of more than 20 experts in S. Typhimurium biology and systems 
biology, two independent metabolic reconstructions of Salmonella metabolism (BRecon and 
AJRecon) were merged to obtain a consensus reconstruction (STMv1.0). Both MRs were based 
on related E. coli reconstructions from the same research group, thus comparison was facilitated 
by similar syntax, metabolite and reaction labeling. Identical reactions were directly included 
into the consensus reconstruction, whereas dissimilar reactions were included or excluded after 
careful curation. The resulting consensus reconstruction STMv1.0 (i) possessed three 
compartments (cytosol, periplasm, exctracellular space), (ii) included reaction directionality 
based on thermodynamic calculations, (iii) can be used as a mathematical model for flux balance 
analysis (FBA) and (iv) predicted growth capability on diverse compounds with an overall 




Statement of my work:  
 
I generated one of the two underlying reconstructions of Salmonella metabolism (BRecon), 
based on the E. coli reconstruction iAF1260 [81]. BRecon was merged with the reconstruction 
AJRecon to obtain the here presented consensus reconstruction STMv1.0. I participated in all 
phases of the generation of this consensus model (preparation phase, jamboree in Reykjavik 
(Iceland), literature curation and reconstruction finalization). 
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Abstract
Background: Metabolic reconstructions (MRs) are common denominators in systems biology and represent
biochemical, genetic, and genomic (BiGG) knowledge-bases for target organisms by capturing currently available
information in a consistent, structured manner. Salmonella enterica subspecies I serovar Typhimurium is a human
pathogen, causes various diseases and its increasing antibiotic resistance poses a public health problem.
Results: Here, we describe a community-driven effort, in which more than 20 experts in S. Typhimurium biology
and systems biology collaborated to reconcile and expand the S. Typhimurium BiGG knowledge-base. The
consensus MR was obtained starting from two independently developed MRs for S. Typhimurium. Key results of
this reconstruction jamboree include i) development and implementation of a community-based workflow for MR
annotation and reconciliation; ii) incorporation of thermodynamic information; and iii) use of the consensus MR to
identify potential multi-target drug therapy approaches.
Conclusion: Taken together, with the growing number of parallel MRs a structured, community-driven approach
will be necessary to maximize quality while increasing adoption of MRs in experimental design and interpretation.
Background
The evolution of antibiotic resistance by a variety of
human pathogens is a looming public health threat
[1,2]. Salmonella is a major human pathogen and a
model organism for bacterial pathogenesis research [3].
S. enterica subspecies I serovar Typhimurium (S. Typhi-
murium) is the principle subspecies employed in mole-
cular biology and its variants are causative agents
in gastroenteritis in humans. The publication of the
annotated genome for S. Typhimurium LT2 provided a
foundation for numerous applications, such as drug dis-
covery [4]. Previous efforts to systematically identify
candidate drug targets within metabolism did not result
in a plethora of new candidates, due to the robustness
and redundancy of S. Typhimurium’s metabolic network
[5]. Since new single protein targets are missing, we
need to target multiple proteins conjointly. Unfortu-
nately, antibiotic regimens, which require multiple tar-
gets to be hit simultaneously, have an increased
probability of the pathogen evolving resistance relative
to a single target therapy. However, the continuous clin-
ical success of the combination of beta-lactams and
beta-lactamase inhibitors actually demonstrates that
inhibitor combinations can be successful even if each
individual inhibitor is non-effective on its own. The
robustness inherent to S. Typhimurium’s metabolic net-
work imposes combinatorial challenges for in vitro and
in vivo approaches to identify synthetic lethal genes sets
(i.e., experimental enumeration of all synthetic lethal
pairs in S. Typhimurium would require the creation of
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~500,000 double gene deletion strains, see below).
Employing a systems biology network perspective could
facilitate their identification.
GEnome scale Network REconstructions (GENRE) [6]
represent biochemical, genetic, and genomic (BiGG)
knowledge-bases [7] for target organisms; and have been
developed for expression [8,9], metabolic [6,10], regula-
tory [11], and signaling [12,13] networks. Metabolic
reconstructions (MRs) are the most developed out of
the four GENRES. The metabolic network reconstruc-
tion process is well established [14] and has been used
for various biotechnological and biomedical applications
[15,16]. Given the rapidly growing interest in MRs and
modeling, parallel reconstruction efforts for the same
target organism have arisen and resulted in alternative
MRs for a number of organisms [17-23]. These parallel
MRs may vary in content and format due to differences
in reconstruction approaches, literature interpretation,
and domain expertise of the reconstructing group. Sub-
sequent network comparison and discoveries are ham-
pered by these differences. Consequently, the need for a
community approach to divide the substantial effort
required in reconciling and expanding these MRs has
been formulated [17].
Results and Discussion
Salmonella, a reconstruction jamboree for an infectious
disease agent
In June 2008, it became apparent that two MRs were
being assembled by two different research groups [20]
(Bumann, unpublished data). Subsequently, a Salmonella
reconstruction jamboree was held at the University of
Iceland, Reykjavik, from September 5th to 6th, 2008.
The jamboree team consisted of over 20 experts in
microbiology, proteomics, Salmonella physiology, and
computational modeling. Based on the experience with
the yeast reconstruction jamboree [17], a methodology
was devised to increase the efficiency of community-
based network reconstruction [24] and applied to the
Salmonella reconstruction jamboree.
The goal of a network reconstruction jamboree is to
provide a 2-D genome annotation that is of higher qual-
ity than it may be achieved by bioinformatic analyses
alone [24,25]. The objective of this jamboree was to
re-evaluate, reconcile, and expand the currently available
MRs for S. Typhimurium with a focus on virulence.
Furthermore, we aimed to include standard identifiers
for reconstruction metabolites, reactions, and genes to
facilitate subsequent mapping of ‘omics’ data. The start-
ing MRs were AJRecon (a variant is published in [20])
and BRecon (D. Bumann, unpublished data), which were
derived from published E. coli MRs, iJR904 [26] and
iAF1260 [27], respectively, and their contents were mod-
ified to account for Salmonella-specific properties; i.e.,
transport and enzymatic reactions not present in Salmo-
nella were removed and the proteins associated with the
reactions were modified to contain proteins present in
S. Typhimurium LT2.
Comparison of two metabolic reconstructions for
S. Typhimurium
We developed an automatic approach to initiate the
reconciliation of the two MRs by converting their meta-
bolites and reactions into a common language (Figure 1).
The MR contents were grouped into three categories: (1)
identical, (2) similar, and (3) dissimilar. A similar reaction
was one, in which there was a minor discrepancy, such
as reaction reversibility, a missing reactant or product, or
a difference in associated enzyme(s). Dissimilar reactions
were those with distinct sets of reactants and products,
and often represented metabolic reactions that were not
included in one of the starting MRS. The identical con-
tent was transferred to the consensus MR without further
evaluation. The similar and dissimilar content was evalu-
ated at the jamboree. Genes and proteins associated with
the reactions were also carefully compared and refined
where necessary. At its end, the meeting yielded an
approximately 80% reconciled consensus reconstruction.
The remaining discrepancies were manually curated by
the Bumann and Palsson groups following the jamboree
meeting.
Initial comparison revealed that there were 760 reac-
tions common to the starting MRs while 521 and 1684
reactions were unique to AJRecon and BRecon, respec-
tively (Additional file 1 Table S1). Some of these differ-
ences could be explained by changes introduced to
the E. coli MR when it was converted from its earlier
version, iJR904 [26], to the most recent version,
iAF1260 [27] (i.e., explicit definition of a periplasm com-
partment; more detailed fatty acid metabolism).
Characteristics of the Salmonella Consensus
Reconstruction
The resulting knowledge-base, STM_v1.0 (Table 1;
Additional file 2; Additional file 1 Table S2), represents
the final product of a community-effort to develop a
detailed MR of S. Typhimurium. STM_v1.0 integrates
the novel and common features of the starting MRs into
a vetted, well-documented consensus knowledge-base,
capturing currently available BiGG knowledge about
S. Typhimurium. Key features of STM_v1.0 include
i) accounting for the periplasm as a compartment
between the extracellular space and cytoplasm; ii) Sal-
monella-specific virulence characteristics, such as iron
chelation by salmochelin and serovar Typhimurium LT2
O-antigen production; iii) the possibility to employ the
consensus MR as mathematical, predictive model; and
iv) comprehensive support data for reactions and
associated genes (Additional file 1 Table S2a). Some
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information was excluded from STM_v1.0, such as the
26 dipeptide and tripeptide transport/digestion reactions
that are present in AJRecon, as they represent generic
compounds. Accounting for all potential consumable
oligopeptides would make computational analysis
intractable or unnecessarily difficult. Appropriate
oligopeptides may be manually added to STM_v1.0 to
represent a specific growth environment. We also
attempted to exclude reactions that were included to fit
some growth data [28], but were contrary to other
observations [20,29] as was the case for growth with
D-aspartic acid [30] as the sole carbon source which
Figure 1 Approach to reconcile two metabolic reconstructions (MR). This figure illustrates the automated comparison tool developed for
the Salmonella reconstruction jamboree. Both MRs are translated into a common language (based on KEGG [44]). Metabolites and reactions that
could not be mapped onto KEGG were subject to manual evaluation by the jamboree team. The overlapping part of the MRs was directly
moved into the consensus MR while reactions and metabolites unique to a MR were evaluated manually. This approach can be readily applied
to comparison of any two MRs.
Table 1 Basic Statistics for the original and the consensus reconstructions
AJRecon [20] BRecon iMA945* [21] Consensus (new data)
Genes 1,119 1,222 945 1,270
Network reactions 1,079 2,108 1,964 2,201
-Transport
reactions
200 575 726 738
Biochemical
reactions
879 1,533 1,238 1,463









*Not included in consensus reconstruction. See text for details.
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requires an unknown transporter and an unknown
aspartate racemase [31].
Additionally, we evaluated the reaction directionality
of consensus MR reactions by considering thermody-
namic properties of participating metabolites. In the
case that a thermodynamic prediction was inconsistent
with experimental evidence, the experimental evidence
was followed. Thermodynamic predictions are made
using the knowledge that is available [45], and incorrect
predictions highlight gaps in our knowledge of biology.
A bacterial MR often includes a biomass reaction that
lists all known biomass precursors and their fractional
contribution necessary to produce a new bacterial cell in
a given environment. The individual biomass constitu-
ents of a S. Typhimurium cell have been measured [20],
and adapted for the consensus reconstruction by
accounting for the changes in naming and compart-
ments introduced during reconciliation (Additional file
1 Table S3c).
Comparison with a third metabolic reconstruction of S.
Typhimurium
After finishing the consensus reconstruction, a third
metabolic reconstruction (iMA945) was published [21].
Similar to one of our starting MRs (BRecon), iMA945
was built by using homology, and other bioinformatics
criteria [32], starting from the E. coli metabolic recon-
struction (iAF1260). Gaps in iMA945 were detected and
filled with GapFind and GapFill, respectively [33]; and
iMA945’s content was further augmented by the Grow-
Match algorithm [34] to fit experimental measurements.
These automated optimization methods are excellent
tools for identifying gaps in network reconstructions
and proposing candidate reactions to fill these gaps and
fit the model to growth data, however, they often do not
associate genes with the candidate reactions. The candi-
date reactions are typically taken from a universal reac-
tion database (such as KEGG) that includes pathways
from all domains of life, thus candidate reactions pro-
posed by these methods should be taken as hypotheses
and require additional validation from published litera-
ture or direct experimental evidence.
We performed a preliminary comparison between
STM_v1.0 and iMA945. However, we did not reconcile
iMA945 with the consensus reconstruction, as this will
require detailed evaluation of the discrepancies in a sub-
sequent jamboree meeting. Overall, 2,057 reactions were
present in both the consensus reconstruction and
iMA945, of which 1,706 reactions have identical gene-
protein-reaction (GPR) associations (Additional file 1
Table S2d). A total of 26 reactions had identical reac-
tion identifiers but different reactions (e.g., different
reactants, products, stoichiometry, or directionality:
reversible, forward only, backward only) and GPR asso-
ciations. There were a total of 629 distinct reaction ids
between STM_v1.0 and iMA945: 446 were unique to
STM_v1.0 and 183 to iMA945. Of the 183 reactions
flagged as unique to iMA945, the majority represents
reactions that were intentionally excluded from the con-
sensus reaction (e.g., 45 dipeptide exchange, transport,
and peptidase reactions and >60 additional exchange,
transport, and enzymatic reactions not supported by
literature). Some of the distinct reactions, such as ade-
nosylcobalamin phosphate synthase, were due to differ-
ent metabolite and reaction identifiers. No bibliomic
data were included in iMA945, so it was not possible to
assess whether the reactions were inserted by the auto-
mated gap-filling methods or supported by additional
evidence. The 446 reactions unique to STM_v1.0
include Salmonella-specific chelators, O-antigens, and
lipid modifications that were not present in the starting
network derived from the E. coli MR (iAF1260). Overall,
the core metabolic network is similar between
STM_v1.0 and iMA945, which is expected as the draft
scaffolds for both MRs were derived from E. coli MRs
and S. Typhimurium has a notable metabolic homology
with E. coli; however, STM_v1.0 includes over 300 more
genes than iMA945 and includes a variety of Salmo-
nella-specific reactions that are essential for virulence
and could serve as coupling points for constructing a
host-pathogen model.
Metabolic Network Reconstruction Assessment
To assess the utility of a mathematical approximation of
reality, it is essential to determine the consistency of the
model’s predictions with real-world benchmarks. In the
case of MRs, comparing experimental growth data with
predicted biomass production is a commonly employed
metric in benchmarking metabolic models [14].
Although biomass production is a commonly employed
metric, the results should always be taken with a grain
of salt; for instance, it is possible to improve the fitting
of a model’s predictions to growth data by including
enzymatic reactions for which no evidence exists or
which are contrary to published experimental observa-
tions. The reconstruction committee chose not to
include invalidated enzymatic reactions that improved
the fit between growth predictions and experimental
observations; the failings of the model’s predictions
highlight areas where knowledge is lacking and experi-
mental undertakings could identify new knowledge.
For S. Typhimurium, there is a wealth of experimental
growth data [29]. Overall, we found good agreement
between the qualitative growth phenotype predictions
and the experimental data (Table 2 Additional file 1
Table S4); with the notable exception of sulfur metabo-
lism where the prediction accuracy was about 40%.
As we are becoming increasingly aware of the impor-
tance of sulfur-related metabolism in host-pathogen
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interactions [35-38], the deficiencies in our knowledge
highlighted by this analysis represent viable targets for
experimental enquiry. For the carbon and nitrogen
sources accessible by AJRecon our results were compar-
able, however STM_v1.0 has the ability to metabolize 20
carbon sources and 15 nitrogen sources not accessible
to AJRecon. The additional metabolic capabilities of
STM_v1.0 are due, in part, to the presence of ~200
additional gene products in STM_v1.0.
Gene Essentiality Simulations
To combat the rise in antibiotic-resistant pathogens, it is
crucial to identify new drug targets. Genes or sets of
genes that are essential for growth are potential drug
targets. To identify novel drug targets in STM_v1.0, we
performed single and double gene deletion studies. We
identified 201 essential genes in M9/glc, 144 of which
were also essential in LB (Additional file 1 Table S5a).
The synthetic lethal gene pair simulations were per-
formed using only genes that were found to be non-
essential in the condition of interest (Additional file 1
Table S6). In M9/glc, there were 87 synthetic lethal
gene-pairs comprised of 102 unique genes. For E. coli,
Suthers et al. [39] predicted 86 synthetic lethal gene-
pairs, however, there were only 83 unique genes
involved. In LB, there were 56 synthetic lethal gene-
pairs comprised of 76 unique genes. Interestingly, 10 of
LB synthetic lethal genes were also essential in M9/glc
and were members of 12 of the LB synthetic lethal
gene-pairs. The very small fraction of essential synthetic
lethal gene pairs (< 100 synthetic lethalities out of
>500,000 possibilities - assuming approx. 1000 non-
essential metabolic genes) emphasizes the robustness of
S. Typhimurium’s metabolic network, which has pre-
viously been noted [5].
Candidate drug targets
Our observed, very small number of synthetic lethal
pairs in STM_v1.0 indicates that antimicrobial regimens
may need to target more than two elements to be
effective. Unfortunately, it will take less time for a
pathogen to evolve a solution to a conjoint two-target
antimicrobial strategy compared to a single-target strat-
egy. To reduce the probability of a pathogen evolving
resistance to a conjoint two-target strategy, it may be
plausible to employ a combination of two-target strate-
gies. Although a combination approach may be suitable
for dealing with antibiotic resistance, there are potential
shortcomings associated with clearance and toxicity
because all the components of a regimen must reach a
target at a specific time with the requisite concentra-
tions. Despite these difficulties, multi-component, multi-
target drugs are becoming standard therapeutics for
complex diseases, including cancer, diabetes, and infec-
tious diseases [40]. Experimental identification and char-
acterization of therapeutic strategies that require
multiple targets for effectiveness is a resource intensive
undertaking (e.g., creating over 500,000 double mutant
strains). An in silico approach using an MR, such as
STM_v1.0, could be implemented to prioritize the
experiments by indicating which multi-target therapies
would adversely affect the pathogen’s metabolic
capabilities.
As mentioned above, the synthetic gene deletion ana-
lysis yielded 56 synthetic lethal gene pairs disrupting
growth of S. Typhimurium in silico. We grouped these
gene pairs based on different criteria to assess their
potential value as multi-drug targets (Figure 2). It is
notable that five gene pairs are between protein com-
plexes while a further three gene pairs are between
genes involved in the same pathway - this indicates the
presence of a layer of ‘redundancy’ for the enzyme or
pathway that confers protection against a single-target
therapy. Moreover, three of the genes involved in gene
pairs are known to be essential for virulence, but not for
growth, and have known inhibitors based on BRENDA
[41]. This structured overview of in silico synthetic
lethal gene pairs identified numerous candidate drug
targets many of which have known inhibitors. In subse-
quent studies, these model-generated hypotheses need
to be tested and validated.
Additional gene products shown to play a central role
in virulence yet are not essential for growth in laboratory
conditions or do not have an unequivocal functional
annotation represent additional therapeutic targets.
These gene products could serve as potential points for
manipulating host metabolism [38], could be essential for
metabolism in the host environment (e.g., Salmonella-
containing vacuoles are nutrient poor) [42], and will
represent an energy and materials demand when creating
integrated metabolic and expression reconstructions
[8,9]. Recent examples of relevant gene products that
have not been annotated but are crucial for virulence
include gene products STM3117-STM3120 [43]; as the




Prediction Growth No Growth
Carbon Growth 79 9
(118/133) No Growth 6 39
Nitrogen Growth 28 5
(57/64) No Growth 2 29
Phosphate Growth 24 0
(24/25) No Growth 1 0
Sulfur Growth 6 0
(8/14) No Growth 6 2
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metabolic functions of unannotated genes are elucidated,
they will need to be incorporated into future revisions of
the MR.
Conclusions
Taken together, the community-developed consensus
MR is a curated reconstruction with the combined prop-
erties of the starting MRs and new information that was
added during and after the reconstruction jamboree. The
expanded metabolic versatility with a focus on virulence,
updated annotation, including corrections, and curation
of hundreds of additional reactions, genes, and metabo-
lites by a community of experts present in STM_v1.0
highlights the value of a community-based approach.
Another MR for S. Typhimurium was published after the
jamboree [21], which was also based on an E. coli MR
[27]. The reconciliation with this third MR will need to
be done in subsequent jamboree meetings, which will
also lead to a further expansion of knowledge and data
included in the consensus knowledge-base. The publica-
tion of the third MR for S. Typhimurium emphasizes the
importance and the value of the effort presented in this
report as well as the need for additional outreach when
assembling jamboree committees.
Methods
Metabolic network reconstructions of Salmonella enterica
serovar Typhimurium LT2
The starting reconstructions, AJRecon and BRecon, were
built on scaffolds derived from published E. coli MRS.
AJRecon is a pre-publication version of iRR1083 [20], and
was based on iJR904 [26]. For its scaffold, BRecon
(Bumann, unpublished) employed iAF1260 [27]- a direct
descendent of iJR904. The two reconstructions, differ in
content due to: (1) different components being targeted for
manual curation (e.g., BRecon extended Fe chelation and
AJRecon extended lipid production), and (2) differences in
E. coli MRs that were used as comparative genomics scaf-
folds for initializing the Salmonella MRs (e.g., iAF1260
accounted for the periplasm whereas its ancestor did not).
Method for community-based network reconstruction
There are three essential phases for community-based






Involved in Sulfur Metabolism
Inhibitor in BRENDA and Tested 
on Salmonella Typhimurium
Inhibitor in BRENDA
No Inhibitor in BRENDA
•Salmonella Typhimurim LT2
-1270 genes, 2200 internal 
reactions, 1119 metabolites




black font - E.C. Activity in Humans
blue font - No E.C. Activity in Humans
Figure 2 Candidate drug targets. The figure contains all predicted synthetic lethal interactions for STM_v1.0 in LB medium. A line connecting
two genes represents a synthetic lethal pair. A group of genes surrounded by a dashed box represents a protein complex requiring all enclosed
elements to function. Yellow background means associated with sulfur metabolism. Blue background indicates that the synthetic lethal pairs are
functional homolog’s. Red gene means that there is a chemical known to inhibit the gene-product in STM_v1.0.
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(3) reconstruction finalization [24]. The preparation and
finalization phases are carried out by a small contingent
of researchers, whereas, the collective knowledge of the
community is harnessed during the jamboree. In the pre-
paration phase, the two MRs were compared as described
below in terms of metabolites, reactions, and gene-pro-
tein-reaction associations (GPRs). Overlapping content
between both original MRs was directly moved into the
consensus MR (Additional file 1 Table S1). Discrepancies
in the listed three areas were presented to the jamboree
team, which was split into three groups: metabolite cura-
tion, reaction curation group, and GPR curation group.
The metabolites group curated the list of all metabolites
present in either original MR for i) protonation state of
metabolites at physiological pH, ii) missing metabolite
identifiers: KEGGID, PubChemID, ChEBI ID, and iii)
comparison of neutral formulae in reconstruction and
metabolite databases. The reaction group was responsible
for identifying evidence for orphan reactions in either ori-
ginal MR with and without a KEGG reaction ID. Reac-
tions without a KEGG ID had to be extensively audited
as there were no database evidences for the correctness
of the reaction mechanisms. The GPR group had to
resolve the discrepancies in GPR assignments using gen-
ome databases and literature. Each team evaluates their
problem set based on evidence within the consensus MR
and available resources (literature, databases, and annota-
tions). Items that are not adequately addressed during the
jamboree are subject to extensive manual curation during
the MR finalization phase. The finalization phase
includes: (1) manual curation, (2) benchmarking the con-
sensus MR against experimentally-derived phenotypic
data, and (3) MR dissemination. The consensus MR is
expected to be maintained, updated and expanded in
subsequent reconstruction jamborees.
Metabolic Reconstruction Reconciliation
Reconciling multiple MRs requires that the MRs’ con-
tents employ a common nomenclature so that the con-
tents may be compared. For this work, we employed the
KEGG database [44] as the source of common identi-
fiers (Figure 1); although all of the reactions and meta-
bolites in KEGG may not be accurate or complete,
KEGG has the benefit of being an extensive, freely
accessible resource used by the broader biological com-
munity. The complete consensus reconstruction can be
found in Additional file 1 Table S6 and in Additional
file 2 as an SBML file.
Thermodynamic directionality
Thermodynamic directionality for each reaction was cal-
culated as described in [45]. Briefly, assuming a tempera-
ture of at 310.15 K, intracellular pH of 7.7, extracellular/
periplasmic pH of 7.0, and a concentration range of 0.01-
20 mM, we calculated upper and lower bounds on trans-
formed reaction Gibbs energy, and assigned reaction
directionality accordingly. Transport reactions were not
subject to thermodynamic consistency analysis as there is
still uncertainty associated with the directionality predic-
tion of transmembrane transport.
Conversion of reconstruction into a mathematical model
The conversion of a reconstruction into a mathematical
model has been described in detail elsewhere [14]. The
unit of reaction fluxes was defined as mmol/gDW/hr.
Phenotypic assessment
Flux balance analysis [46] was employed to assess the
STM_v1.0 model’s ability to correctly predict biomass
production in a variety of limiting conditions. The accu-
racy of the model was assessed by comparing the pre-
dictions to benchmarks drawn from experimental data
[20,29]. In this assessment, there are four possible obser-
vations: (1) STM_v1.0 model correctly predicts growth
(G/G), (2) STM_v1.0 model incorrectly predicts growth
(G/NG), (3) STM_v1.0 model correctly predicts no
growth (NG/NG), and (4) STM_v1.0 model incorrectly
predicts no growth (NG/G). For a prediction to be
counted as a true positive (G/G) or true negative (NG/
NG), the prediction needed to match one or more
experimental observations. The predictions were first
compared with the Biolog phenotype microarray (PM)
data http://www.biolog.com. False positive predictions
(G/NG) and false negative predictions (NG/G) were
then compared with the data from Gutnick et al. [29]
and references cited in Ragunathan et al. [20]. For limit-
ing conditions not represented in the PM, predictions
were only compared with data from Gutnick et al. [29]
or cited in Ragunathan et al. [20].
Gene essentiality analysis
The gene deletion studies were performed by converting
STM_v1.0 into a stoichiometric model and performing
flux balance analysis [46]. For each gene, or gene pair,
the associated reaction(s) were disabled (vmin, i = vmax, i =
0 mmol.gDW-1.hr-1) and the ability of the model to pro-
duce biomass was assessed, i.e., the biomass reaction was
chosen as the objective function and maximized.
All simulations were performed using the COBRA
Toolbox v2.0 [47] using Matlab (Mathworks, Inc) as the
programming environment, and Tomlab (TomOpt, Inc)
as the linear programming solver.
Additional material
Additional file 1: Consensus MR. This xlsx file contains the consensus
reconstruction and simulation setup/results. - Table S1. Statistics for
automated reconciliation of starting reconstructions. - Table S2.
Thiele et al. BMC Systems Biology 2011, 5:8
http://www.biomedcentral.com/1752-0509/5/8
Page 7 of 9
Consensus Reconstruction in SBML format. - Table S3a. M9/glc. - Table
S3b. LB. - Table S3c. Biomass. - Table S4. Growth benchmark errors. -
Table S5a. All Lethal deletion predictions. - Table S5b. Single Deletion/
Virulence. - Table S6a. LB Synthetic Lethal. - Table S6b. M9 Synthetic
Lethal.
Additional file 2: Consensus MR in SBML format. Consensus MR as a
computational model in SBML format.
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Intracellular  pathogens  are  dependent  on  nutrient  supply  from  the  host  for  survival  and  replication. 
However,  comprehensive  quantitative  data  about  pathogen  in  vivo  nutrition  are  lacking.  This  poor 
understanding of  relevant  in vivo growth conditions has  led  to major antimicrobial drug development 
failures. 
Here, we determined the in vivo nutritional  landscape of S. Typhimurium  in a typhoid fever model. For 
this,  we  infected  mice  with  nutrient  utilization  and  auxotrophic  mutants,  to  determine  nutrient 
availability  in  Salmonella  containing  vacuoles  (SCVs). Combined with  literature data, we were  able  to 
identify  45  available  host  metabolites,  with  glycerol,  fatty  acids,  N‐acetylglucosamine,  lactate  and 




described  in  literature with  an  accuracy  of  90%.  Furthermore,  this model was  supported  by  ex  vivo 
proteome data.  Thus, we presented  for  the  first  time  a  comprehensive quantitative  report of  in  vivo 
nutrient utilization of a pathogen. 
Our data  revealed  the paradoxical  situation  that  the  SCV  is  a qualitatively nutrient  rich environment, 
which supported growth of all tested auxotrophic mutants. On the other hand, the inability to use one of 
the  major  nutrients  led  to  a  reduced  growth  rate,  which  indicated  a  quantitatively  nutrient  poor 
environment  that  limited  Salmonella  in  vivo  growth.  Furthermore,  we  were  able  to  show  that  an 
additional  nutrient  limitation  by  restricting  host  supply  reduced  the  in  vivo  replication  rate  of  S. 
Typhimurium. This indicated that inhibition of nutrient supply might be a promising approach to combat 








I  generated a  computational model of  Salmonella  in  vivo metabolism  (STMv1.1).  For  this,  I  fitted  the 
metabolic reconstruction STMv1.0 to experimental data of nutrient utilization and auxotrophic mutant in 
vivo phenotypes.  I determined quantitative  in vivo  flux estimates by using  this  infection model, which 
revealed  Salmonella  nutrient  limitation  during  infection.  I  also  participated  in  mutant  construction 
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Host metabolites that support pathogen growth in tissues play an essential 
role in infectious diseases, but remain poorly characterized. Here, we 
identified and quantified relevant host nutrients in a Salmonella typhoid fever 
model, and used these data to build a quantitative genome-scale 
computational model of Salmonella nutrition, metabolism, and growth during 
infection. The data revealed availability of more than 45 diverse host 
metabolites that made Salmonella resilient against metabolic perturbation. 
However, Salmonella obtained these various metabolites in only scarce 
amounts that together just supported slow nutrient-limited growth. Nutrients 
were delivered to intracellular Salmonella through host cell endocytosis, and 
blocking this supply route further diminished Salmonella growth. In 
conclusion, these findings indicated a key role of qualitatively rich, yet 







Infectious diseases are a major worldwide threat to human health (1). The 
situation is worsening because of rapidly rising antimicrobial resistance and 
insufficient development of new antibiotics. Most infectious diseases start with 
a few pathogenic organisms that invade host tissues, but disease symptoms 
develop only later when pathogens exploit host nutrients to grow to high 
tissue loads. Despite this crucial role of pathogen growth and nutrient supply, 
only few host nutrients that are relevant for individual pathogens have been 
identified (2-13), and comprehensive quantitative in vivo data are lacking for 
any pathogen. The poor understanding of relevant in vivo growth conditions 
can cause major antimicrobial drug development failures (14-17).  
In this study, we investigated Salmonella nutrition and growth in a 
systemic mouse infection model mimicking human typhoid fever (18). This 
model is particularly suitable because of facile Salmonella genetics, 
availability of genome-scale metabolic reconstructions (19-21), extensive 
literature, and close similarities between Salmonella and the prime model 






Salmonella access diverse nutrients in infected host tissues  
To identify host nutrients that support Salmonella growth in infected mouse 
tissues during typhoid fever, we used Salmonella mutants with defects in 
utilization of specific nutrients. Most of these mutants retained normal in vivo 
growth rates indicating that 18 nutrients had limited relevance for Salmonella 
during systemic disease (Table S1,S2). On the other hand, mutants unable to 
utilize glycerol, fatty acids, N-acetylglucosamine, glucose, lactate, or arginine 
had significant growth defects suggesting that these six host nutrients can 
contribute to Salmonella in vivo growth (Fig. 1; see Table S2 for detailed 
analysis). Glucose was the only previously identified relevant nutrient in this 
disease model (11). The importance of these six nutrients was supported by 
high abundance of corresponding utilization enzymes in Salmonella purified 
from infected mice (Table S3, see below). 
Similar mutant phenotypes were obtained for infected liver (Table S1) 
indicating that the same major nutrients supported Salmonella growth in two 
different host organs. In addition, small-scale experiments with genetically 
resistant 129/Sv mice carrying a functional Slc11a1 allele (22) confirmed the 
importance of glycerol (or glycerol-3-phosphate) and N-acetyl-glucosamine for 
Salmonella growth (Fig. S1) suggesting similar Salmonella nutrition in 
susceptible (typhoid fever model) and resistant mice. 
Nutrient utilization mutants revealed major nutrients that together 
explained some 85% of the Salmonella in vivo growth. However, this 
approach was unsuitable for minor nutrients because of limited sensitivity 





limitation, we used auxotrophic Salmonella mutants with defects in 
biosynthesis of essential biomass components. These mutants could not grow 
unless they obtained the respective missing biomass component through 
external supplementation. Surprisingly, all tested auxotrophic mutants 
proliferated in vivo indicating that host tissues provided 16 additional 
metabolites including amino acids and several cofactors/cofactor precursors 
(Fig. 1; Tables S1,S2). As an example, Salmonella pheA tyrA trpA 
auxotrophic for phenylalanine, tyrosine, and tryptophan, retained full virulence 
indicating sufficient availability of all three aromatic amino acids to meet 
biomass requirements. This was surprising since Salmonella aroA which is 
unable to synthesize the aromatic amino acid precursor metabolite 
chorismate, is strongly attenuated (23). However, chorismate defects are not 
informative for aromatic amino acid availability since chorismate is also 
required for synthesis of ubiquinone, an essential biomass component that is 
unavailable in vivo (24).  
 We combined these data with previously reported phenotypes of 
Salmonella mutants and biomass requirements (Table S2) to obtain a 
comprehensive nutritional landscape for Salmonella in infected mouse spleen 
(Fig. 1). The data revealed Salmonella access to a remarkably wide range of 
diverse host nutrients during systemic infection. This qualitatively rich nutrition 
buffered numerous Salmonella metabolic defects (such as inactive amino acid 
biosynthesis), and thus contributed to the remarkable robustness of 







Qualitatively rich nutrition is typical for mammalian pathogens  
To determine if these findings were representative for pathogen nutrition in 
general, we compared pathogen metabolic capabilities based on genome 
pathway annotations (25). We analyzed 153 different mammalian pathogen 
genomes for presence of 254 nutrient utilization pathways and 118 
biosynthetic pathways (Fig. 2). Most pathogens shared the capability to utilize 
glycerol, fatty acids, various carbohydrates, nucleosides, and amino acids that 
could serve as N-sources (such as arginine), suggesting a general preference 
for the same nutrients that Salmonella used in the mouse typhoid fever model. 
Moreover, many pathogens lacked biosynthesis pathways for amino acids, 
nucleosides, and (pro)vitamins indicating that they - like Salmonella - could 
obtain diverse essential biomass components from their respective host 
environments. These data suggested that pathogen growth in infected 
mammalian tissues is supported by a large variety of commonly available host 
nutrients. The actual relevance of each nutrient might, however, vary for 
individual pathogens. As an example, Mycobacterium tuberculosis accesses 
fatty acids and a subset of host amino acids in infected mouse lung, while 
glycerol is not a major nutrient (17, 26-29). 
 
A quantitative genome-scale model of Salmonella nutrition and growth 
Our initial qualitative analysis revealed numerous host nutrients that 
supported Salmonella growth. As a next step towards a comprehensive 
quantitative understanding of Salmonella in vivo nutrition, we estimated 
uptake rates for these nutrients based on Salmonella mutant phenotypes and 





 For auxotrophic mutants, the calculations were straightforward (Table 
S2). As an example, the proline auxotroph Salmonella proC had an in vivo 
generation time of 7 ± 2 h (compared to 6 ± 1.2 h for wildtype Salmonella 
(24)). This indicated that within 7 h, the host supplied enough proline to build 
a new Salmonella cell containing some 43.3 million proline molecules (19), 
which is equivalent to 1’700 ± 500 proline molecules s-1 per Salmonella cell. 
Analogous calculations yielded uptake rate estimates for 30 organic nutrients 
(Fig. 1; see Table S2 for detailed explanation). Salmonella wildtype growth 
rate, biomass requirements, and additional information yielded uptake rates 
for 15 inorganic nutrients. 
 Estimating uptake rates for the six major nutrients was more challenging 
because of their parallel metabolization to many different biomass 
components. To analyze this complex nutrient utilization, we used Flux-
Balance Analysis (30) of a genome-scale computational model. Specifically, 
we updated a consensus reconstruction of the Salmonella metabolic network 
incorporating all available literature (21) (model STMv1.1 with 1277 
Salmonella enzymes, 1822 metabolites, 2572 reactions; Table S4). We 
combined this reconstruction with 45 uptake rates for minor nutrients deduced 
from auxotrophic mutants (see above). We then determined uptake rates for 
major nutrients that were consistent with in vivo growth rates of informative 
Salmonella mutants. As an example, the growth defects of Salmonella glpFK 
gldA glpT ugpB (55 ± 20%) and related mutants (Tables S1,S2) revealed that 
glycerol contributed 45 ± 20 % of Salmonella in vivo growth at a generation 
time of 6 h. This required glycerol uptake at a rate of 33’000 ± 17’000 





uptake rates (see Table S2 for detailed explanation).  
 Combination of all determined nutrient uptake rates with the genome-
scale Salmonella metabolism reconstruction yielded a comprehensive 
quantitative model of host nutrient supply, Salmonella nutrient conversion to 
biomass components, and overall Salmonella growth (Fig. 1; the model is 




Model validation with independent experimental data sets 
The computational model was consistent with established extensive 
knowledge about Salmonella biochemistry, thermodynamics, and quantitative 
mutant phenotypes. To further validate the model, we compared large-scale 
predictions with independent experimental data sets. 
 The model predicted hundreds of metabolic fluxes that provided all 
required biomass components for Salmonella growth. Some reactions had 
highly variable flux predictions (“flux variability”; Fig. 3a) indicating that 
alternate metabolic states were compatible with the experimental constraints 
as previously observed in other systems (31). We determined the state with 
minimal total flux in the entire metabolic network (32, 33) which would 
minimize enzyme biosynthesis costs (34, 35) and enzyme crowding in the 
cytosol (36) (Figs. 1, 3a; an interactive map with detailed descriptions of all 







 To sustain these predicted metabolic fluxes, Salmonella would require 
appropriate amounts of the corresponding enzymes. To experimentally test 
these predicted requirements, we determined enzyme abundance in 
Salmonella purified from infected mouse spleen (see Material and Methods), 
and retrieved turnover numbers kcat for Salmonella enzymes (or E. coli 
orthologues) from databases (37, 38) and additional literature. Based on 
these data, we calculated 242 maximal reaction rates vmax = N · kcat (with N, 
number of enzyme molecules; kcat, turnover number). (Fig. 3a; Table S3; an 
interactive map is available at 
http://www.biozentrum.unibas.ch/personal/bumann/supplemental_information/
steeb_et_al/index.html). Comparison with model predictions showed that each 
analyzed reaction had flux predictions within the experimentally determined 
feasible range (Fig. 3a).  
 For the specific “minimal total flux” state (see above), three reactions 
had unfeasibly high flux predictions. To avoid such discrepancies, we 
restricted all reaction rates with experimental data to ranges compatible with 
enzyme abundance and turnover numbers. The improved computational 
model yielded a fully consistent “minimal total flux” state with no change in 
overall flux distribution or growth rate. This consistency with large-scale 
experimental enzyme data supported the computational model. 
Systematic analysis of enzyme essentiality for Salmonella in vivo 
growth provided additional experimentally testable predictions. Inactivation of 
most enzymes had no impact on predicted growth rate, and the few predicted 
essential enzymes were mostly involved in biosynthesis consistent with our 







steeb_et_al/index.html). Detailed comparison with experimental semi-
quantitative phenotypes of 799 enzyme defects revealed 90% prediction 
accuracy (Fig. 3b, large pie diagram; Supplementary Table 5 online) similar to 
accuracies achieved for the best computational models for E. coli in vitro 
cultures (39).  
Some discrepancies between computational predictions and 
experimental data were probably due to experimental variation since 18 (9%) 
of the 193 genes with multiple experimental evidence, had conflicting data 
(Fig. 3b, small pie). This could reflect different experimental protocols; for 
example, low dose infections (some 1000 CFU) were used in most 
experiments (including this study), whereas high dose infections (some 106 
CFU) were used in two large-scale studies (40, 41). In addition, some 
discrepancies likely reflect current model limitations including (i) neglect of 
enzyme functions unrelated to biomass generation (such as detoxification of 
reactive oxygen species), (ii) regulated isozyme expression, and (iii) 
differential enzyme/transporter substrate affinities. Taken together, largely 
consistent mutant phenotype predictions supported the computational model. 
We also generated genome-scale models for Salmonella enterica 
serovars that cause human typhoid/paratyphoid fever (Typhi, Paratyphi A, 
Paratyphi C, and non-typhoidal Salmonella (NTS); model STY2 for S. Typhi 
strain Ty2 is available at 
http://www.biozentrum.unibas.ch/personal/bumann/supplemental_information/





metabolic networks compared to serovar Typhimurium (which was the focus 
of this study) because of numerous gene deletions or inactivating mutations 
(42). Nevertheless, all models successfully produced biomass at comparable 
rates when supplied with nutrients available in infected mouse tissues. These 
results suggested that the mouse typhoid fever model represented a suitable 
approximation to Salmonella nutrition in human tissues. This was also 
supported by experimental data on tryptophan availability (43), Salmonella 
mutant phenotypes in human volunteers (44), in vitro nutrient utilization 
capabilities of serovar Typhi and Paratyphi A clinical isolates (see 
Supplementary Fig. 2 online), and generally similar Salmonella-host 
interactions in mouse typhoid fever and human systemic disease (18) 
Taken together, experimental enzyme quantities and mutant/serovar 
phenotypes supported the computational model as an accurate quantitative 
genome-scale description of Salmonella nutrition, metabolism, and growth in 
infected tissues.  
 
Nutrient starvation limits Salmonella growth 
Infected mouse spleen provided a wide range of diverse host metabolites to 
Salmonella. Despite this qualitatively rich nutrition, individual uptake rates 
were rather low suggesting a quantitatively poor nutrition (Table S2). Even 
major nutrients such as glycerol or N-acetylglucosamine had supply rates that 
were some hundredfold lower compared to what would be required for fast 
Salmonella growth (Fig. 4a). Moreover, defects in utilization of just one out of 
six major nutrients affected Salmonella growth (Tables S1,S2) indicating the 





carbon/energy sources (Fig. 4b). Consistent with this qualitative argument, the 
computational model required overall nutrient limitation for consistent results. 
Specifically, when we forced the model to accommodate higher nutrient 
supply rates that would exceed Salmonella biomass requirements (i.e., overall 
nutrient excess), it became rapidly incompatible with experimental mutant 
data (Fig. 4c). All these data suggested quantitatively poor Salmonella 
nutrition that resulted in slow nutrient-limited in vivo growth.  
To obtain independent experimental evidence, we used a cell culture 
infection model where Salmonella replicated intracellularly in macrophage-like 
cells mimicking conditions during systemic salmonellosis (45). In this cell 
culture model, extracellular metabolites can reach intracellular Salmonella and 
contribute to their nutrition (46-48). To test the impact of nutrient availability, 
we therefore added external glucose or mannitol to Salmonella-infected 
macrophage-like RAW 264.7 cells at 4 h post infection. Interestingly, both 
extracellular nutrients accelerated subsequent intracellular Salmonella growth. 
This was dependent on Salmonella glucose/mannitol-specific utilization 
capabilities (Fig. 4d) indicating that external glucose and mannitol directly 
contributed to Salmonella growth without prior host metabolization or other 
host effects. This was consistent with the fact that mannitol can not be 
metabolized by mammalian cells (49). Taken together, increasing nutrient 
availability accelerated Salmonella growth which confirmed the nutrient 








Extracellular nutrient delivery through host cell endocytosis 
Overall Salmonella nutrient limitation implied that mechanisms of host nutrient 
supply could be of central importance for Salmonella growth during systemic 
disease. In this disease, Salmonella reside intracellularly in so-called 
Salmonella-containing vacuoles (SCV’s) (45). External nutrients could reach 
Salmonella in SCV’s through (i) transport from the host cell cytosol across the 
SCV membrane, or (ii) host cell endocytosis followed by endosome-SCV 
fusion (48) (Fig. 5a).  
The slow nutrient-limited Salmonella growth suggested limited access 
to nutrient-rich host cell cytosol (50). We tested this hypothesis using a 
Salmonella strain carrying an uhpTp-gfp transcriptional reporter fusion 
responsive to glucose-6-phosphate, a key metabolite of mammalian cytosol 
(50). This biosensor detected little glucose-6-phosphate in the 
microenvironment of wildtype Salmonella in infected spleen, whereas the 
same fusion readily responded in avirulent mutant Salmonella sifA that reside 
directly in the cytosol (51) (Fig. 5b). Poor access to glucose-6-phosphate for 
wildtype Salmonella was also consistent with wildtype growth of Salmonella 
uhpT defective for glucose-6-phosphate uptake (Table S1). Moreover, in cell 
culture infections external glucose reached Salmonella without prior 
phosphorylation (see above) although glucose entering mammalian cytosol is 
rapidly phosphorylated. Taken together, these data suggested an extracellular 
nutrient delivery route to Salmonella that bypassed the host cytosol.  
One such delivery route could be host cell endocytosis followed by 
endosome-SCV fusion (Fig. 5a) as demonstrated in Salmonella-infected cell 





used a similar approach employing fluorescent dextran as a fluid-phase 
marker for endocytosis. Confocal microscopy of spleen cryosections obtained 
2 h after intravenous dextran injection into Salmonella-infected mice, revealed 
many dextran-containing vesicles in close proximity to Salmonella. In some 
cases, dextran even appeared to be in direct contact with Salmonella (Fig. 5c, 
Supplemental Movies 1- 3) which might indicate vesicle-SCV fusion as 
previously observed in vitro (48), but spatial resolution in vivo was insufficient 
for conclusive interpretation. 
To test the relevance of this endocytotic nutrient supply route for 
Salmonella growth, we disrupted dynamin-dependent endocytosis with the 
specific inhibitor dynasore (52), or macropinocytosis with the Na+/H+ 
exchanger (NHE) inhibitor EIPA (5-(N-ethyl-N-isopropyl)-amiloride) (53). In 
cell culture infections, we added inhibitors after Salmonella had already 
established their intracellular niche (4h post infection) to prevent interference 
with Salmonella host cell entry and endosome maturation. Under these 
conditions, dynasore had only weak effects on subsequent Salmonella 
growth, while EIPA largely prevented Salmonella growth (Fig. 5d) indicating a 
previously unknown crucial role of host cell macropinocytosis for supporting 
intracellular Salmonella growth. In vivo administration of dynasore had again 
no detectable effect on Salmonella growth, but oral EIPA administration to 
infected mice partially suppressed Salmonella growth in infected spleen (Fig. 
5e).  
 Taken together, these data were compatible with a model in which 
intracellular Salmonella nutrition depends on host cell delivery of extracellular 





relevant in the in vitro model. In vivo additional EIPA-insensitive delivery 
routes such as interaction with secretory pathways (54) might be involved. On 
the other hand, EIPA is a pleiotropic inhibitor of Na+/H+ exchangers involved 
in many biological processes including inflammation (55) which could also 
limit its in vivo efficacy for infection control. Further studies are required to 







Host nutrients are essential for pathogen in vivo proliferation and disease 
progression, but comprehensive quantitative data are lacking. This study used 
complementary experimental and computational approaches to determine the 
relationship between Salmonella nutrition and growth in a mouse typhoid 
fever model. 
Salmonella mutant in vivo phenotypes revealed access to an 
unexpected large number of chemically diverse host nutrients including lipids, 
carbohydrates, amino acids, nucleosides, and various (pro)vitamins. This 
diverse nutrition made Salmonella resilient against numerous metabolic 
perturbations. Genome comparisons revealed that Salmonella shared this 
qualitatively rich nutrition with many other mammalian pathogens. This might 
imply robust pathogen metabolism as a general challenge for antimicrobial 
therapy of infectious diseases. 
The common availability of specific host metabolites likely reflects the 
general biochemical composition of mammalian tissues. Interestingly, some of 
the prototypical nutrients are predominantly present as part of high molecular 
weight compounds such as glycans/glycoproteins (GlcNAc), proteins (most 
amino acids), or lipids (glycerol, fatty acids) suggesting that macromolecule 
hydrolysis might be an important aspect of pathogen nutrition in infected 
tissues. Indeed, many pathogens express hydrolases as part of their virulence 
program, but host hydrolases might also be involved. Further research is 
needed to clarify this issue.  
In addition to this qualitative analysis, we also obtained quantitative in 





of these rates with a genome-scale reconstruction of the Salmonella 
metabolic network yielded a quantitative computational model of Salmonella 
nutrient uptake, metabolization, and growth in infected host tissues. This 
model describes how Salmonella uses its metabolic network involving 
hundreds of enzymes to convert diverse host nutrients to biomass 
components for growth, and explains virulence phenotypes of more than 700 
metabolic defects. Consistency of these predictions with independent large-
scale experimental data suggested that the model accurately captured most 
relevant aspects of Salmonella nutrition and growth during infection. 
Integrated quantitative analysis revealed that the many diverse 
nutrients were available in only scarce amounts that together just supported 
slow nutrient-limited Salmonella growth. Salmonella thus seemed to face a 
paradoxical situation with qualitatively rich, but quantitatively poor nutrition. 
Nutrient starvation limited Salmonella in vivo growth and thus represented a 
partially effective host mechanism to control Salmonella. Such an important 
impact of nutrient starvation was initially surprising since Salmonella infection 
elicited a potent inflammatory host response (see Supplementary Fig. 3 
online) that could restrict Salmonella growth through various antibacterial 
mechanisms unrelated to metabolism. However, Salmonella has evolved 
multiple defense systems that effectively subvert and annihilate such host 
antibacterial effector mechanisms (56, 57) while poor nutrient supply might be 
more difficult to circumvent. 
Partial Salmonella control through nutrient starvation suggested that 
residual host nutrient supply could be crucial for Salmonella virulence and 





from nutrient-rich host cell cytosol, but this membrane was apparently rather 
effective to limit Salmonella access to abundant cytosolic metabolites. 
Instead, Salmonella obtained external nutrients through host cell endocytosis 
followed by fusion of endocytotic vesicles with the Salmonella-containing 
vacuole. Blocking endocytosis diminished Salmonella growth in in vitro cell 
culture infection models suggesting that manipulation of nutrient supply could 
offer a potential strategy for infection control. Indeed, similar pharmacological 
intervention partially inhibited Salmonella growth in the murine disease model, 
but specific, safe endocytosis inhibitors with increased in vivo efficacy have 
yet to be developed to rigorously test this strategy. Targeting host nutrient 
supply might also be considered for other slowly growing intracellular 
pathogens such as Legionella pneumophila and Mycobacterium tuberculosis 
that exploit host nutrient delivery pathways (58, 59). 
 In summary, this study provided a comprehensive quantitative in vivo 
analysis of nutrient supply and conversion into new biomass for an important 
pathogen. The findings revealed a key role of host-pathogen metabolic 
interactions for pathogen growth, disease progression, and development of 







Materials and Methods  
Full methods and associated references are described in SI Materials and 
Methods. Salmonella mutants were generated by lambda red-recombinase 
mediated allelic replacement (60) followed by general transduction using 
phage P22 int (61). Mice were infected intravenously with 500-2000 CFU 
Salmonella. Salmonella were purified from infected mouse spleen using flow 
cytometry as described (24). Enzyme quantities were determined by shot-gun 
proteomics using heavy isotope-labeled peptides as internal references (62). 
The computational model of Salmonella nutrition and growth was based on an 
updated genome-scale reconstruction (21). Fluxes and mutant phenotypes 
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Figure 1: A quantitative genome-scale model of Salmonella nutrition, 
metabolism, and growth in infected mouse spleen. This schematic map shows 
available host nutrients, their respective uptake rates represented by color 
and font size, and their metabolization to new biomass (see text and 
Supplementary Tables 1, 2, 3 online for detailed explanation, quantitative 
values, and statistical analysis). An interactive map with detailed annotation of 




Figure 2: A general nutrition pattern for mammalian pathogens. Left) 
Frequency of 254 nutrient utilization pathways in genomes of 153 mammalian 
pathogens (excluding all Salmonella serovars). A frequency of 1 indicates 
pathway presence in all pathogens. Data were based on pathway annotations 
available in MetaCyc (25). Degradation pathways for nutrients that support 
Salmonella in mouse spleen (filled circles) were highly overrepresented 
among pathogen genomes (P< 0.001; Mann-Whitney U test) suggesting 
similar nutritional preferences. Right) Depletion frequency of 118 biosynthesis 
pathways in mammalian pathogens. The values represent differences in 
pathway frequency in sets of 153 pathogens and 316 environmental bacteria. 
As an example, a biosynthesis pathway present in 30% of mammalian 
pathogens and 50% of environmental bacteria would be assigned a “depletion 
frequency” of 0.3 - 0.5 = -0.2. Biosynthesis pathways for biomass components 





depleted among pathogen genomes (P< 0.001; Mann-Whitney U test) 
suggesting similar host supplementation patterns. 
 
 
Figure 3: Large-scale experimental data validate the computational model 
(Figure 1). a) Feasibility of predicted reaction rates. For each reaction, the 
range of flux rates compatible with data for Salmonella nutritional mutants was 
predicted using Flux-Balance Analysis. The circles represent the flux state 
with minimal total flux. These data were compared to feasible reaction rate 
estimates calculated from experimental enzyme copy numbers and kinetic 
parameters (see Supplementary Table 3 online). The shaded area represents 
unfeasible fluxes. All reactions had predicted fluxes within the feasible ranges.  
b) Mutant phenotype predictions. Comparison of model predictions with 799 
experimental Salmonella mutant phenotypes revealed 9.5% discrepancies 
(large circle, red area). This might in part reflect experimental inconsistencies 
that were revealed by conflicting results in 8.8% of 193 genes with multiple 
experimental studies (small circle, red area). 
 
Figure 4: Nutrient starvation limits Salmonella in vivo growth. a) Salmonella 
uptake rates that are consistent with in vivo growth rates of informative 
Salmonella mutants for six major nutrients (open circles) are compared to 
uptake rates for the same nutrients that would support rapid Salmonella 
growth with a generation time of 30 min. (filled circles). b) Schematic 
comparison of slow Salmonella growth with limiting or excess amounts of 





nutrient diminish growth. This scenario is consistent with experimental data. In 
case of nutrient excess, Salmonella growth is restricted by some nutrient-
unrelated host inhibitory mechanism that prevents Salmonella from exploiting 
all available nutrients. A defect in utilization of one of the various nutrients 
would have little impact since Salmonella can readily switch to other excess 
nutrients. This scenario is incompatible with our experimental data. c) Flux-
Balance Analysis of Salmonella mutant data for various nutrient excess 
scenarios. Mean square errors for predicted vs. experimental Salmonella 
mutant growth defects are shown. Scenarios with nutrient excess result in 
model predictions that are inconsistent with experimental data. d) Increasing 
external nutrient availability in an in vitro cell culture model accelerates 
intracellular Salmonella growth in macrophage-like cells, and this depends on 
specific Salmonella nutrient utilization capabilities (open symbols, 0.5 g l-1 
glucose; filled grey symbols, 1 g l-1 glucose; filled black symbols, 0.5 g l-1 
glucose 0.5 g l-1 mannitol; circles, wildtype Salmonella; upward triangles, 
Salmonella ptsG manX galP mglB, deficient for high-affinity glucose transport; 
downward triangles, Salmonella mtlAD, deficient for high-affinity mannitol 
transport and degradation). Colony-forming units (CFU) at 10 h post infection 
for triplicate wells containing 300’000 RAW 264.7 cells are shown.  
 
Figure 5: Host cell endocytosis provides a nutrient supply route for 
intracellular Salmonella. a) Schematic representation of alternative host 
supply routes (1, transport from host cell cytosol across the vacuolar 
membrane; 2, transfer of endocytotic cargo by fusion of the Salmonella-





Salmonella to a key cytosolic metabolite. Wildtype Salmonella carrying an 
uhpTp-gfp fusion responsive to glucose-6-phosphate showed weak in vivo 
activity (blue) in contrast to a Salmonella sifA mutant (red) residing in host cell 
cytosol (51) (the grey curve represents GFP fluorescence of an in vitro culture 
without glucose-6-phosphate). Similar data were obtained in two independent 
experiments. c) Topology of fluid-phase marker dextran (green) and 
Salmonella (red) in infected mouse spleen. Confocal stacks are shown as 
maximum intensity projections (upper panels) and three-dimensional surface 
renderings (lower panels). The scale bars represent 1 µm. See also Movies 1-
3 available online. d) Intracellular Salmonella growth in macrophage-like cells 
in vitro in control wells, or in presence of 30 μM dynasore or 30 μM EIPA. The 
macropinocytosis inhibitor EIPA blocks intracellular Salmonella growth. Data 
represent CFU values from triplicate wells. e) Salmonella load in spleen of 
control mice and mice treated with EIPA. The data represent CFU values of 
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SI Materials and Methods. Bacterial genetics. Salmonella mutants were 
constructed by lambda red-recombinase mediated allelic replacement (1) 
followed by general transduction using phage P22 int (2). Resistance 
cassettes flanked with FRT sites were removed using FLP recombinase (1). 
To generate Salmonella nutrient utilization mutants, we preferentially 
disrupted nutrient uptake instead of deleting internal catabolic enzymes to 
minimize accumulation of potentially toxic intermediates such as 
phosphorylated carbohydrates (3, 4) that could complicate mutant phenotype 
interpretation. We constructed a series of Salmonella nutrient uptake mutants. 
Because Salmonella has multiple high-affinity uptake systems for many 
nutrients, we had to engineer strains containing multiple mutations. This made 
it difficult to complement mutants to exclude effects of secondary mutations. 
To validate major phenotypes we instead independently reconstructed two 
substantially attenuated mutants (glpF glpK gldA glpT ugpB; nagE manX). In 
both cases, identical in vivo phenotypes were observed (data not shown). 
Phenotypes of auxotrophic mutants were validated using M9 minimal media 
containing appropriate supplements. A plasmid carrying a uhpTp-gfp fusion 
was transformed into SL1344 sifB::cherry to detect all Salmonella based on 
red fluorescence, and Salmonella subpopulations with active reporter 
constructs based on green fluorescence. Strains were cultivated on Lennox 
LB medium containing 90 μg ml-1 streptomycin, 50 μg ml-1 kanamycin, 20 μg 
ml-1 chloramphenicol, and/or 100 μg ml-1 ampicillin. Media were supplemented 





Mouse infections. We infected female, 8 to 12 weeks old BALB/c mice 
intravenously with 500-2000 CFU Salmonella from late exponential LB 
cultures. For some experiments, we also used female, 8-12 weeks old 129/Sv 
mice. In some cases, we administered EIPA in the drinking water (20 µg ml-1) 
throughout the infection period. Four days (five days for 129/Sv) post-
infection, mice were sacrificed and bacterial loads in spleen and liver were 
determined by plating of tissue homogenates treated with 0.3% Triton Tx-100. 
In competitive infections, wildtype and mutant Salmonella carrying different 
antibiotic resistance markers were mixed before administration. Individual 
strain tissue loads were determined by replica plating on selective media and 
competitive indices (CI=output ratio/input ratio) were calculated. For BALB/c 
mice we converted CI values to growth rates based on a 6 h in vivo 
generation time (5). For 129/Sv mice, we present the data in Fig. S1 as 
competitive indices since information on in vivo generation time was lacking. 
Statistical significance was analyzed using t-test (a parametric test was 
appropriate based on the normal distribution of growth rates (or log-
transformed CI values) (5). Our experiments involved a large set of strains. To 
avoid the multiple comparison problem, we used the Benjamini-Hochberg 
false discovery rate (FDR) approach (6). 
 
Flow Cytometry. Samples were analyzed using a Fortezza flow cytometer 
equipped with 488 nm and 561 nm lasers (BD Biosciences). For Salmonella 
ex vivo purification, Salmonella sifB::gfp (7) were sorted from infected mouse 
spleen as described (5) using a FacsAria III sorter equipped with 488 nm and 





preventing de novo synthesis with 170 μM chloramphenicol and delaying 
proteolysis by maintaining the samples at 0-4°C. Our previous results 
suggested that these conditions were largely effective to preserve the in vivo 
Salmonella proteome during purification (5). 
 
Enzyme quantification using mass spectrometry-based proteomics. Ex 
vivo sorted Salmonella were lysed and treated with trypsin. After adding a mix 
of heavy labeled reference AQUA peptides (Table S6), the peptides were 
purified using solid phase extraction (Macrospin columns, Harvard Apparatus) 
and analyzed by directed LC-MS/MS using an LTQ-Orbitrap-Velos instrument 
(Thermo-Fischer Scientific). In order to increase the number of protein 
identifications, MS-sequencing was focused on previously identified peptides 
from Salmonella using a recently developed inclusion list driven workflow (8).  
Peptides and proteins were searched against the SL1344 genome sequence 
(ftp://ftp.sanger.ac.uk/pub/pathogens/Salmonella/ ) including 206 frequently 
observed contaminants, all mouse entries from SwissProt (Version 57.12) and 
all sequences in reversed order (total 42502 entries) using the Mascot search 
algorithm. The false discovery rate was set to 1% for protein and peptide 
identifications. First, absolute quantities were determined for those proteins 
that had corresponding labeled AQUA peptides (Table S6) using the Trans-
Proteomic Pipeline (TPP,V4.4.0) (9). We fitted the relationship between copy 
numbers and integrated peak areas (as determined by the Progenesis 
software, NonLinear Dynamics) for the three most intense peaks (10) with a 
calibration curve to estimate absolute quantities for additional proteins. 





within a 2-3fold range (11). Data for three biologically independent samples 
revealed good reproducibility (Table S3). Enzyme abundance was combined 
with reported turnover numbers for respective Salmonella enzymes (or closely 
related E. coli orthologs) to obtain maximal feasible reaction rates (Table S3). 
Data were visualized using the pathway tools package (12). 
 
Nutrient utilization assay. We modified a widely used redox assay (13) 
which measures nutrient utilization based on transfer of reducing equivalents 
to tetrazolium salts. We grew human clinical isolates of Salmonella enterica 
serovars Typhi and Paratyphi for 24 h as a lawn on LB plates. The bacteria 
were scraped from the plates and resuspended at a density of 109 CFU ml-1 in 
buffer (100 mM NaCl, 30 mM MES pH 6.0, 2 mM NaH2PO4, 0.1 mM MgCl2 1 
mM KCl, 0.01% tetrazolium violet). The suspension was distributed on 96well 
plates containing individual substrates. We used all substrates at 
comparatively low concentration (0.5 mM, which is 20 to 100fold lower than 
commonly used in similar redox assays) to more closely mimic relevant in vivo 
conditions. The plates were incubated at 37°C for 14 h and reduction of the 
tetrazolium salt to violet formazan was measured photometrically. 
Background-corrected data were represented in arbitrary formazan units. 
 
Macrophage-like cell culture infection. Raw 264.7 macrophage-like cells 
were cultured in DMEM cell culture medium containing 10% serum and 0.5 g 
l-1 glucose. Cells were infected with Salmonella from stationary cultures at a 
multiplicity of infection of 30 for 30 min with an initial 5 min. 1100xg 





1 glucose and 50 mg l-1 gentamicin. At 4 hours post infection, medium was 
exchanged with DMEM containing 0.5 g l-1 glucose or 1 g l-1 glucose or 0.5 g l-
1 glucose and 0.5 g l-1 mannitol. Cells were washed and lysed 10 h after 
infection, and aliquots were plated to determine CFU numbers. In some 
experiments 30 µM dynasore or 30 µM EIPA was added at 4 h post infection. 
 
Confocal microscopy of in vivo dextran endocytosis. Mice were infected 
with Salmonella expressing DsRed. Four days post infection, 100 μg Dextran-
AL647 (Invitrogen) was intravenously administered. Two hours later, mice 
were sacrificed and infected spleen was fixed for 6 h with 4% 
paraformaldehyde followed by washing in increasing sucrose concentrations. 
After overnight incubation in 40% sucrose, the tissue was embedded in OCT 
medium and frozen on dry ice. Cryostat sections were examined with a SP5 
confocal microscope (Leica). Images were deconvolved using the "classic 
maximum likelihood estimation algorithm (CMLE)" of Huygens Remote 
Manager v2.0.1 (Scientific Volume Imaging) based on metadata of the original 
images and a theoretical point-spread function. Bitplane Imaris 7.3.0 was 
used for visualization, rendering, and analysis of the data. After 3d-cropping to 
focus on the situation around a specific bacterium, we used the surface 
detection function and the "number of voxels" filter to render Salmonella and 
Dextran surfaces.  
 
Computational modeling of Salmonella metabolism. The consensus 
genome-scale metabolism reconstruction STMv1 (14) was updated to 





modeling, we modified biomass requirements based on mutant phenotypes 
(Table S4). We generated an in vivo model using Flux-Balance Analysis 
(FBA) with the COBRA toolbox (15). Nutrient uptake rates were adjusted to 
yield consistent results with experimental in vivo growth rates of 26 
informative mutants (Supplementary Tables 1, 2 online). The average of 14 
amino acid fluxes were used to estimate Asn, Asp, Glu, Gly, Ser uptake (for 
which we lacked informative mutant data). 
For E. coli in vitro cultures, maintenance costs of 280’000 ATP 
molecules s-1 have been determined (16). For Salmonella in infected host 
tissues, Flux-balance Analysis of mutant phenotypes suggested elevated 
maintenance costs of at least 360’000 ATP molecules s-1 (see Fig. S4). These 
higher costs could reflect additional activities (i.e., virulence factor secretion, 
detoxification of reactive oxygen and nitrogen species, etc.) that Salmonella 
needed to survive in hostile host environments.  
We predicted flux distribution using the “minimal total flux” option in the 
optimize() function. We also determined flux variability in alternative solutions 
with equal growth rate (0.167 h-1, equivalent to the experimentally determined 
generation time of 6 h (5) ) using the fluxVariability() function. We predicted 
growth phenotypes for all single gene deletions using the deleteModelGenes() 
function. Analogous models were built for several isolates of S. Typhi, S. 
Paratyphi, S. Paratyphi C, and non-typhoidal Salmonella (NTS) according to 
available genome sequences (17-21). The model for S. Typhi strain Ty2 is 
available online (STY2.xml). 
 We validated in silico mutant phenotype predictions with experimental 





1000fold higher than wildtype or CI below 0.01, equivalent to a growth of less 
than 60% based on lethal Salmonella loads of 107 CFU per spleen), non-
detectable (equivalent to a growth rate of 98% or more), or contributing (in 
between the other two categories). We also used large-scale mutant 
phenotypes from two recent studies (22, 23). In these cases, we converted 
the mutant phenotype scores to growth rates and estimated confidence 
intervals based on the data provided (their Table S3 (22); their Table S3 (23)). 
In cases, where conflicting data had been reported, we preferentially used 
data from studies with low infection dose. We disregarded all inconclusive 
experimental phenotypes for validation of model predictions. 
 
 
Genome comparisons. Metabolic Pathway predictions for 909 genomes 
were generated by the MetaCyc consortium (24) and kindly by provided 
Tomer Altman and Peter Karp on November 22, 2010. We identified 287 
mammalian pathogens and 367 environmental organisms in this data set. We 
merged multiple strains belonging to the same species resulting in 153 
pathogen species and 316 environmental species. We then determined how 
many organisms in each group were capable to degrade a specific nutrient, or 
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Supporting Figure 1: Salmonella mutant phenotypes in competitive 
infections in genetically resistant 129/Sv mice. Data are represented as 
competitive indices as compared to wildtype Salmonella. A value of 1 
indicated identical growth rates of mutant and wildtype. Significance of 


































































































































































































































Supporting Figure 2: In vitro nutrient utilization of S. Typhi (red) and S. 
Paratyphi (green) human clinical isolates as measured by a redox assay. Data 
represent averages and SEM’s of 5 (S. Typhi) or 6 (S. Paratyphi) isolates. 
S. Typhi strain phage type origin, country 
1996-1586 n.c. Bad Düben, Saxony, carrier since 1966 
06-08739 O Hof, Bavaria, asylum seeker from India 
06-05533 46 Berlin, fever, no travel abroad 
06-02205 E1a 
Frankfurt/Main,travel to the island 
Goa,India 
05-07400 C1 Schwerin, carrier 
   
S. Paratyphi A  
5747/2006 untypable Moers, holiday in Pakistan 
06-00724 13 Heilbronn, travel to India 
06-02243 1 Idar-Oberstein, travel to India 
07-05957 2 Gottmadingen, travel to Pakistan 
07-02535 1 Potsdam, travel to India 








Supporting Figure 3: Inflammation in Salmonella-infected spleen. A spleen 
cryosection was stained with antibodies to Salmonella-LPS (yellow), Ly6C 
(neutrophils, red), and Ter-119 (erythrocytes, blue). Similar observations were 




















Maintenance costs in 1000 ATP s-1
 
 
Supporting Figure 4: Computational analysis of various maintenance costs 
for Salmonella in infected spleen. Mean square errors for predicted vs. 
experimental mutant growth defects are shown. Experimental data were 
compatible with elevated in vivo maintenance costs compared to estimates for 


















Experimental  data  show  that  the  vast majority  of  Salmonella  genes have  an  undetectable  impact  on 
virulence. This could reflect limited sensitivity to detect fitness defects, or true massive dispensability.  
Here,  we  used  a  Salmonella  in  vivo  metabolism model  in  combination  with  in  vivo  experiments  to 
analyze  the  virulence  contribution  of  metabolic  genes  with  non‐detectable  phenotype.  Our  results 
indicate  that  the  qualitatively  nutrient  rich  in  vivo  environment  makes  a  majority  of  genes  truly 














A small metabolism subnetwork 
is sufficient for Salmonella systemic virulence 
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A vast majority of genes in various pathogens are non-essential for growth in 
infected host tissues, and this poses severe challenges for development of 
urgently needed new infection control strategies. To investigate potential causes 
of gene non-essentiality, we analyzed an extensively validated computational 
model of Salmonella metabolism in infected host tissues. 
 
Results  
In silico analyses revealed that a large majority of Salmonella enzymes was truly 
dispensable for in vivo growth. In fact, a minimal metabolism subnetwork of just 
364 to 373 enzymes was found to be sufficient to support full Salmonella 
virulence during systemic infection. One important cause for large-scale enzyme 
dispensability was availability of diverse metabolites in host tissues suggesting 
that these represented a particularly supportive environment for Salmonella 
growth. In addition, functional redundancy among various Salmonella enzymes 
buffered some metabolic defects. Experimental validation in the mouse typhoid 
fever model confirmed some synthetically lethal enzyme pairs that might 










This study revealed that a small metabolic network is sufficient for Salmonella 
virulence. Hundreds of enzymes were dispensable because host environment 
provided a large variety of nutrients. Some essential metabolic activities could be 
mediated by two redundant enzymes / pathways suggesting opportunities for 
novel combination chemotherapies. 
 
Keywords: 







Infectious diseases are a major threat to human health worldwide [1]. This 
situation is worsening because of rapidly increasing antimicrobial resistance of 
major human pathogens, and this generates an urgent need for new 
antimicrobials. Unfortunately, the number of suitable targets is severely limited 
since the vast majority of genes is non-essential for virulence in most pathogens 
[2-11]. The predominance of genes with weak virulence phenotypes could reflect 
true gene dispensability, functional redundancy among different genes that 
collectively mediate important functions, or simply the inability to detect fitness 
defects below some 5% even when sensitive competitive infection methods are 
used [2]. Importantly, genes with individually small fitness might collectively still 
have a substantial impact on fitness (the “marginal benefit” hypothesis: [12]). 
Causes of gene “dispensability” have been investigated in microbial in vitro 
cultures in artificial laboratory conditions [13-16], but studies in more relevant 
natural conditions are rare.  
Here, we analyzed the contribution of 1277 metabolic enzymes to 
Salmonella virulence in a mouse typhoid fever model using our recent 
quantitative computational in vivo metabolism model (Steeb et al, unpublished 
observation). The vast majority of enzymes was found to be truly dispensable, in 
part because host microenvironments provided a diverse range of metabolites. In 
contrast, internal Salmonella redundancies had a minor impact. Interestingly, 
metabolism subnetworks of just 364 to 373 enzymes were predicted to be 





subnetworks could represent potential metabolism end points for the ongoing 
genome reduction in host-adapted Salmonella serovars [17-20]. Together, our 
data confirmed important challenges for developing new antimicrobials. On the 
other hand, experimental validation of predicted synthetically lethal pairs 
revealed several combination targets that could help to develop new 









Most Salmonella genes contribute weakly or not at all to virulence 
The mouse Salmonella typhoid fever model is one of the best-characterized in 
vivo infection models. In particular, virulence phenotypes for thousands of 
Salmonella mutants have been determined. These data suggest that only a small 
fraction of Salmonella genes is essential for virulence, another minor fraction 
contributes to virulence, while the vast majority of genes have an undetectable 
impact on virulence. This is evident from reported individual mutant phenotypes 
(Fig. 1A) as well as two independent unbiased high-throughput studies [3, 4] (Fig. 
1B, 1C). Salmonella systemic virulence thus represented a typical example for 
mostly weak mutant phenotypes as observed in many important pathogens. 
 
 
Metabolism as a suitable subsystem for investigating Salmonella gene 
dispensability 
Experimental analysis of potential causes for undetectable phenotypes is 
challenging. To determine redundancy, Salmonella strains with multiple 
mutations are needed, but construction and in vivo testing of millions of 
combinations is unfeasible. To detect the collective impact of many genes with 
undetectable phenotype, one would need Salmonella mutants in which all these 
genes have been inactivated together. Both experimental approaches would 





However, metabolism represents a suitable subsystem that offers unique 
opportunities for a combination of experimental and rapid computational genome-
scale analysis. Importantly, metabolic mutants revealed the same overall 
distribution of few essential genes and a vast majority of genes with undetectable 
impact on virulence (see fig. 2A). Moreover, these metabolic phenotypes are 
accurately predicted by an extensively validated genome-scale computational 
model of Salmonella in vivo metabolism (STMv1.1; Steeb et al, unpublished 
observation). Metabolism thus represented a suitable subsystem to analyze 




The Salmonella metabolic network is largely inactive during infection 
We used Flux-Balance-Analysis [21, 22] of the computational Salmonella in vivo 
metabolism model STMv1.1 to analyze 1045 Salmonella metabolic enzymes with 
predicted in vivo growth defects below 5% (Fig. 2A, white and light grey). 
Interestingly, only a minor fraction (68 enzymes; 5% of the total of 1277 enzymes 
covered in the model) had predicted small in vivo growth defects below the 
experimental detection threshold (Fig 2A, light grey). These data suggested that 
limited experimental sensitivity was probably not a major cause of undetectable 
phenotypes. Instead, the vast majority of Salmonella enzymes seemed to be truly 





Large-scale dispensability of metabolic enzymes has previously been 
observed in other microbial organisms under various in vitro culture conditions. In 
yeast, most enzymes were dispensable because the metabolic reactions that 
they could catalyze were inactive in the specific environmental condition [13, 14]. 
Flux-Balance-Analysis of the Salmonella in vivo metabolism model revealed 
similar widespread reaction inactivity. Specifically, 751 Salmonella enzymes 
catalyzed metabolic reactions that were inactive in the FBA solution with minimal 
total flux. As expected, removal of all these genes from STMv1.1 resulted in a 
dramatically reduced model that still supported full Salmonella in vivo growth.  
These computational predictions were supported by experimental data on 
Salmonella enzyme expression during infection (Steeb et al, unpublished 
observation). In particular, a substantial fraction of enzymes catalyzing metabolic 
reactions with predicted activity were expressed in vivo at detectable levels (Fig. 
4A). This was particularly true for enzymes catalyzing reactions with moderate to 
high flux rates that were required for Salmonella in vivo growth, while we failed to 
detect several enzymes involved in reactions with low predicted fluxes (Fig. 4B). 
Small amounts of enzymes might have been sufficient for reactions with low 
rates, and these were possibly below our experimental in vivo detection limit of a 
few hundred copies per Salmonella cell. Similar correlations between predicted 
reaction rates and experimental detection of associate enzymes have previously 






Interestingly, we missed almost all dispensable enzymes that were 
involved in reactions with predicted fluxes. The majority of these enzymes (61%) 
had isozymes catalyzing the same reactions (“intrinsic redundancy”, see below), 
and flux-balance analysis could not predict which isozyme was actually used. 
Other dispensable enzymes catalyzed reactions that could be replaced by 
equivalent alternative states of the metabolic network as observed in other 
systems [24, 25]. The flux solution that we used might thus differ somewhat from 
the actual flux distribution with respect to involvement of dispensable enzymes.  
We also detected some enzymes with no apparent role during infection. 
This could reflect suboptimal metabolic regulation (e.g., expression of enzymes 
involved in histidine biosynthesis despite pathway blockage by a dysfunctional 
HisG46 allele [26]) and/or model limitations including an FBA objective function 
that does not include growth-unrelated aims such as detoxification of reactive 
oxygen species (e.g., expression of SodCI, AhpC, KatG, etc.).  
Together, these computational and experimental data suggested that a 
majority of Salmonella metabolic enzymes was not expressed and truly 
dispensable for virulence because the reactions that they could catalyze were 
inactive during infection. 
 
 
Diverse in vivo nutrition limits requirements for metabolic activity 
During infection of mouse spleen, Salmonella has access to a wide range of 





defects (Steeb et al, unpublished observation). To comprehensively analyze the 
impact of this qualitatively rich nutrition on Salmonella activities, we simulated 
Salmonella metabolism in 348 different minimal environments providing various 
carbon/energy sources and specific supplementation of biomass components. In 
all of these simulated environments, a different set of Salmonella metabolic 
reactions were predicted to be active compared to qualitatively nutrient rich in 
vivo conditions. In total, 653 metabolic reactions with no in vivo activity involving 
365 genes were conditionally active in one or more simulated minimal 
environments (blue in fig. 2B and fig. 3). This included biosynthesis pathways for 
biomass components that were available in infected host tissues but not in 
simulated media, as well as degradation pathways for nutrients with little in vivo 
relevance. Qualitatively rich in vivo nutrition thus partially explained why the 
Salmonella metabolic network was largely inactive during infection. 
In addition, 646 metabolic reactions remained inactive in all simulated 
minimal environments (386 dispensable genes, green in fig. 2B and fig. 3). This 
was in part due to dispensability of certain biomass components such as 
cobalamine or glycogen during systemic infection, as well as model limitations for 
predicting alternative pathways with differentially energy costs (e.g., high-affinity 
vs. low-affinity transport of metabolites across membranes [27]), dead-end 
pathways because of knowledge gaps, and biomass-unrelated reactions such as 
detoxification of reactive oxygen species or damaged metabolite salvage (646 






Functional redundancy causes enzyme dispensability in active reactions 
A subset of 554 reactions associated with 526 enzymes was predicted to be 
active in vivo. This reaction network was somewhat larger compared to 
previously studied in vitro cultures of other microbes that were based on less 
comprehensive metabolic reconstructions [28]. A surprisingly large fraction of 
these reactions (210 reactions, 38%) was associated with dispensable enzymes 
(226 enzymes). The majority of these reactions was actually required for growth 
but an involved enzyme could be replaced by one or several alternative isozymes 
(”intrinsic redundancy” [29]; 143 reactions associated with 138 enzymes; see fig. 
3, red). Intrinsic redundancy was particularly frequent in central carbon 
metabolism as observed previously [30]. In addition, some reactions were active 
but dispensable because they could be replaced by some other reaction / 
overlapping pathways (“extrinsic redundancy” [29]; 44 reactions associated with 
69 dispensable genes; Fig. 3, yellow).  
 
Mutually compensating enzymes could provide largely unexplored 
opportunities for antimicrobial combination chemotherapy. Specifically, 
simultaneous inhibition of redundant enzymes could result in Salmonella growth 
arrest. To comprehensively analyze such opportunities, we predicted all possible 
616’605 double gene deletion phenotypes. The data revealed 88 dispensable 
genes that formed synthetically lethal pairs with less than 60% growth compared 
to wildtype. This set of synthetic pairs partially overlapped with previous 





To experimentally validate some of the predicted pairs, we constructed 
respective Salmonella double mutants and tested them in the mouse typhoid 
fever model. Among 13 tested mutants, six were indeed avirulent (competitive 
index below 0.01 in mixed infections with wildtype Salmonella; such slow mutant 
growth can be successfully controlled by the host [2] (see fig. 5 and additional 
table 1).  
 
On the other hand, several predicted synthetically lethal mutations did not 
abrogate Salmonella virulence. These discrepancies suggested knowledge gaps 
in the computational model. In particular, auxotrophic mutants that were deficient 
for all known supplement uptake systems were still able to grow in supplemented 
minimal media and in infected mice, indicating additional yet uncharacterized 
transport capabilities. Indeed, the genome of Salmonella contains hundreds of 
transporters with no experimental data, and prediction of putative substrates is 
difficult. We attempted to assign possible transporters for methionine, chloride, 
thiamin, pyridoxal, and histidine based on sequence similarities to known 
transporters and/or indirect evidence. However, additional inactivation of 8 
putative transporters in five Salmonella mutants still did not abrogate growth in 
supplemented minimal media indicating yet other transport mechanisms (see 
additional table 1).  
Taken together, these data reveal interesting opportunities for 
antimicrobial combination therapy, but also highlight important issues for future 





Small non-redundant minimal metabolic networks might be sufficient for 
Salmonella in vivo growth 
Inactivity and functional redundancy caused large-scale dispensability of 
Salmonella metabolic enzymes. These data suggested that a small set of 
Salmonella enzymes might be sufficient for full in vivo growth. We investigated 
this issue by sequential random removal of genes until the predicted growth rate 
decreased. The results revealed strongly reduced minimal metabolic networks 
with only 364 to 373 (28% of the original network) that would still support normal 
Salmonella growth in infected tissues. Interestingly, the various independent 
genome reduction trajectories converged on highly similar networks with 300 
invariantly present enzymes suggesting a dominant, largely non-redundant core 
of commonly required metabolic capabilities (Fig 3, black). Similar small 
genomes have been predicted for obligate intracellular symbionts such as 
Buchnera or Wigglesworthia [32] suggesting comparable in vivo conditions for 
intracellular pathogens and symbionts. Together these data again support true 







Experimental analysis of diverse pathogens in various infection models has 
revealed generally small numbers of essential virulence genes and vast 
majorities of genes with undetectable impact on virulence. This could just reflect 
technical limitations to detect small virulence contributions. Alternatively, many of 
these genes might be truly dispensable for virulence.  
In this study, we investigated Salmonella metabolic enzymes that have no 
detectable impact on Salmonella virulence in a well-characterized mouse typhoid 
fever model. Analysis of an extensively validated genome-scale computational 
model revealed that only few metabolic enzymes had minor fitness contributions 
that might escape experimental detection. In contrast, the vast majority of 
Salmonella enzymes was truly dispensable. The main cause of dispensability 
was reaction inactivity due to external supplementation with diverse nutrients as 
previously observed for yeast in vitro cultures [13, 14]. In addition, certain 
biomass components were not required during infection, and redundant 
isozymes and alternative pathways buffered some enzyme inactivation.  
Together these data suggested that hundreds of Salmonella genes were 
truly dispensable in a mouse typhoid fever model. Experimental validation of this 
hypothesis will require extensive genome reduction through hundreds of gene 
deletions. This is principally feasible [33-35] but would require prohibitive 
resources. On the other hand, evolution of various pathogens including 
Salmonella is associated with striking genome reduction by gene inactivation 





Typhi [17, 18], Mycobacterium leprae [36], Buchnera aphidicola [37], Rickettsia 
prowazekii [38], Mycoplasma pneumonia [39]), indicating minimal metabolic 
requirements for pathogens residing in specific stable host niches. The small 
subnetwork identified in this study might represent a potential endpoint for host-
adapted Salmonella serovars such as S. Typhi and S. Paratyphi that cause 
mainly systemic disease. Indeed, partial genome degradation of these serovars 
has already inactivated 81 enzymes [20], which were involved in Salmonella 
metabolic activities predicted to be dispensable during systemic infection. 
On the other hand, most of the genes that were found to be dispensable in 
the mouse typhoid fever model are still broadly conserved among diverging 
Salmonella lineages suggesting some relevant fitness benefits. It is important to 
note that we investigated just one ecological niche - the infected mouse spleen - 
among the various habitats that are relevant in the Salmonella infection / 
transmission cycle. In vivo “dispensable” yet conserved genes likely serve 
relevant functions in some of these other habitats [40, 41]. As examples, 
tetrathionate reduction and ethanolamine utilization are dispensable during 
systemic infection, but highly relevant in the intestinal lumen [42, 43]. Finally, 
Salmonella enterica serovar Typhimurium has a broad host range and several 
genes might be specifically required in important host species other than mice 
[44-46]. 
The small number of essential genes in pathogens severely limits the 
target space for novel antimicrobials. Combinatorial inhibition of redundant 





isozyme pairs that catalyze essential reactions might be particularly promising as 
it might be possible to identify promiscuous inhibitors that block both isozymes. 
The alanine racemases involved in biosynthesis of the essential cell wall 
component D-alanine could represent a classical example. Indeed, a Salmonella 
double mutant alr dadX was avirulent although weak side reactions of other 
enzymes obviously still provided small amounts of D-alanine to enable residual in 
vitro and in vivo growth as previously observed for E. coli [47]. Such cryptic 
metabolic activities provide critical opportunities for rapid resistance 
development, which could make this particular target combination appear less 
attractive.  
In contrast to isozymes, synthetically lethal combinations of unrelated 
enzymes will probably require two different inhibitors for successful combination 
therapy. This might potentiate drug development problems as two different 
compounds would require appropriate pharmacodynamics and pharmacokinetics 
to simultaneously act on the same pathogen cells in infected tissue. However, 
the clinically highly successful example of β-lactam antibiotics / β-lactamase 
inhibitor combinations demonstrate that such combination therapy against 
individually dispensable targets is possible [48]. Some of the synthetically lethal 
pairs that we could confirm in experimental mouse infections in this study might 
thus represent suitable start points for development of urgently needed new 









In this manuscript, we identified multiple mechanisms that cause extensive gene 
dispensability in the pathogen Salmonella Typhimurium during infection. The fact 
that a small metabolic subnetwork was sufficient for virulence severely limited the 
target space for novel antimicrobials in this pathogen. However, some of the 
synthetically lethal combinations that were identified and validated in this study 







Bacterial genetics. We used strain Salmonella enterica serovar Typhimurium 
SL1344 hisG xyl [26] as parental wild type strain. Salmonella mutants were 
constructed by lambda red-recombinase mediated allelic replacement [49] 
followed by general transduction using phage P22 int [50]. In some cases, 
resistance cassettes flanked with FRT sites were removed using FLP 
recombinase [49]. Strains were cultivated on Lennox LB medium containing 90 
μg ml-1 streptomycin, 50 μg ml-1 kanamycin, 20 μg ml-1 chloramphenicol, and/or 
100 μg ml-1 ampicillin. Auxotrophs were supplemented with 260 μM L-
methionine (yaeC metA), 15 μM D-arabinose-5-phosphate / 10 μM glucose-6-
phosphate (gutQ yrbH),15 μM mannose-1-phosphate / 10 μM glucose-6-
phosphate (cpsG rfbK), 1 μM thiamin (yabJ thil), 1 mM β-pantothenate (panC 
panF), 100 μM nicotinamide mononucleotide (nadC pncB), 10 μM pyridoxin 
(pdxA STM0163), 250 μM D-alanine (alr dadX). Mutant folD purT was 
supplemented with nucleosides (Thymidine [300 μM], uridine [300 μM], 
guanosine [300 μM], cytidine [300 μM], adenosine [300 μM] and 2-deoxy-D-
ribose [300 μM]), amino acids (RPMI 1640 Amino acids solution (50x, Sigma) 
[2.5x final concentration], L-alanine [250 μM] and L-glutamine [250 μM]) and 
vitamins (RPMI 1640 Vitamins Solution (100x, Sigma) [1x final concentration]). 
Phenotypes of auxotrophic mutants were validated using M9 minimal media 







Mouse infections. For competitive infections, wildtype and mutant Salmonella 
expressing various fluorescent proteins (our unpublished observation) were 
cultured in LB medium to late log phase. The strains were mixed and a total 1000 
- 4000 CFU were injected into the tail veins of female, 8 to 12 weeks old BALB/c 
mice. Four days post-infection, mice were sacrificed and total bacterial loads in 
spleen were determined by plating. Individual strains were quantified by multi-
color flow cytometry using a Fortezza flow cytometer equipped with 488 nm and 
561 nm lasers (BD Biosciences) (our unpublished observation). The data were 
used to calculate competitive indices compared to wildtype Salmonella (CI = 
output ratio / input ratio). We converted CI values to growth rates based on a 6 h 
in vivo generation time [2]. Statistical significance was analyzed using one-
sample t-test (a parametric test was appropriate based on the normal distribution 
of growth rates [2]) and determination of false discovery rates [53]. 
 
Computational modeling of Salmonella metabolism. We used a genome-
scale computational Salmonella in vivo metabolism model STMv1.1, an updated 
version of the consensus genome-scale metabolism reconstruction STMv1 ([31], 
Steeb et al, unpublished observation). The in vivo model was analyzed with Flux-
Balance Analysis (FBA) [22] using MatLab and the COBRA toolbox [51]. We 
predicted flux distribution in vivo and in different minimal media using the 
“minimal total flux” option in the optimize() function. Genes that did not participate 
in reactions with flux were scored ”inactive“. The contribution of metabolic 
reactions was determined using the changeRxnBounds() function. We predicted 





deleteModelGenes() and doubleGeneDeletion() functions. To obtain minimal 
metabolism subnetworks, we randomly selected one gene and deleted it. If the 
reduced network still permitted normal growth, random gene selection and 
deletion was continued. We ran this procedure 30 times with independent 
trajectories. Intrinsic redundancy was identified based on growth-contributing 
reactions that nevertheless contained dispensable genes. To assess extrinsic 
redundancy, we constrained the network to the actual minimal total flux solution. 
This constrain removed any compensation opportunity through normally inactive 
pathways. Reactions that showed a contribution only in this constrained network, 
but not in the fully unconstrained network were scored as dispensable through 
extrinsic redundancy. Data were visualized using the pathway tools package [52]. 
 
Classification of virulence categories. We classified in vivo / in silico mutant 
phenotypes as essential if growth was less than 60% of the wildtype rate 
(equivalent to a lethal dose 1000fold higher than wildtype, or CI values below 
0.01). Non-detectable phenotypes had growth rate phenotypes below the 
detection limit (95% wildtype growth rate), contributing phenotypes were in 
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Figure 1: Summary of Salmonella virulence phenotypes in the mouse 
typhoid fever model. Figure 1 displays the proportion of genes essential for 
virulence (black), genes with a contributing phenotype (grey) and genes without 
a detectable phenotype (white) (for category definition, see Methods). Data were 
obtained from literature describing individually studied mutants (A), or two 
unbiased large-scale screens (B [3], C [4]). For each group of essential, 
contributing, and non-detectable phenotypes, the corresponding number of 
































Figure 2: Analysis of genes with non-detectable phenotype that have no 
contribution to virulence.  
(A) In silico analyses based on the model STMv1.1 predict that in vivo 166 genes 
are essential for virulence (black), 66 are contributing (dark grey) and 1045 
have a non-detectable phenotype (light grey and white). 977 from the 1045 
genes with non-detectable phenotype don’t contribute to virulence at all (white).  
(B) The 977 genes with non-detectable phenotype and without virulence 
contribution can be grouped into categories depending on the reason for their 
dispensability into always inactive genes (green), conditionally inactive genes 
(blue), genes dispensable due to intrinsic redundancy (red) and genes 

























Figure 3: Gene dispensability in Salmonella Typhimurium in vivo 
metabolism.  
In this figure, relevant parts of Salmonella metabolism is displayed, grouped into 
the categories catabolism, central metabolism and biosynthesis. (Black): Genes 
are always part of the minimal metabolic backbone needed for uninhibited in vivo 
growth (300 genes). (Red): Genes are in vivo active, but dispensable due to 
intrinsic redundancy (138 genes). (Yellow): Genes are in vivo active, but 
dispensable due to extrinsic redundancy (69 genes). (Blue): Genes are in vivo 
inactive, but can become active in another environment (365 genes). (Green): 








































Figure 4: Analysis of ex vivo detected enzymes. 
(A) Percentage of detected ex vivo proteins for different phenotype categories. 
Ex vivo detected enzymes were predicted to be essential (black), contributing 
(grey) or dispensable for virulence (white) and were associated with reactions 
with flux (active) or without flux (inactive). (B) Percentage of essential to 
contributing reactions with at least one detected protein plotted against the 
catalyzed flux of the reaction (in mmol gDW-1 hr-1). Bin size of one log scale is 




































































































Figure 5: Growth rates of constructed double mutants. Average growth rates 
of mutants were calculated based on competitive indices to the wildtype, 
deduced from bacterial loads in spleen. An average wild type division time of 6 h 
was used for calculation of growth rates [2]. Significance levels are given for false 
discovery rates [53] based on one-tailed, one-sample t-tests (*: 0.05 < q < 0.01; 
**: 0.01 < q < 0.001; ***: q < 0.001). 
 
 
Mutated loci Gene names P -value FDR1 Expected effect of double deletion Potential explanation for unexpected in vivo growth Alternative transporters tested2
stm1620 stm3692 stm1620 ildP 112.1 ± 2.8 - - Accumulation of glycolate Maybe flux reversion of irreversible reaction upon glycolate accumulation (e.g. export via importer ActP (STM4273) or oxidation via glycolate dehydrogenase (YiaE (STM3646) or YcdW (STM1135) ) -
stm0106 stm0425 yabJ thil 106.8 ± 5.2 - - Thiamine auxotrophy and transport deficiency In addition to yabLKJ (thiBPQ ) another unknown thiamine transport system is present in Salmonella [54] yieG (stm3851 )
stm2351 stm0150 hisP aroP 104.8 ± 3.4 - - Histidine uptake deficiency in histidine auxotroph SL1344 The presence of another unknown histidin transport system is indicated by the possibility of in vitro histidine supplementation of SL1344 hisP aroP (also suggested in [55]) pheP (stm0568 )
stm0203 stm1490 yadQ stm1490 103.5 ± 3.4 - - Chloride uptake deficiency Maybe additional, unspecific chloride transporters  are existing. The construction of this gene deletion combination was already described in E.coli  [56] yfeO (stm2404 ), stm1527
stm0974 stm1883 focA purT 97.7 ± 18.6 0.6594 >0.05 Accumulation of formate Unspecific formate excretion or activity of aerobically inactive formiat hydrogen lyase FdhF (STM4285) -
stm0245 stm4182 yaeC metA 77.4 ± 4.1 <0.0001 <0.001 Methionine auxotrophy and transport deficiency In addition to abc-yaeE-yaeC (metNIQ ), another unknown or unspecific methionine transport system is present in Salmonella [57] aroP (stm0150 ), brnQ (stm0399 ), leuE (stm1270 )
stm0091 stm0163 pdxA stm0163 68.9 ± 3.8 <0.0001 <0.001 Pyridoxal auxotrophy In vivo pyridoxal supplementation most likely possible via a so far unidentified uptake system for pyridoxamine/ pyridoxal/ pyridoxine reported in literature [58-60] codB (stm3333 ), allP (stm0522 )
stm2104 stm2083 cpsG rfbK 57.1 ± 3.6 <0.0001 <0.001 Synthesis of full O-antigen blocked Excess of D-mannose-1-P before infection could be the reason for residual in vivo  growth -
stm0181 stm3382 panC panF 55.5 ± 6.1 <0.0001 <0.001 Pantothenate auxotrophy and uptake deficiency Pantothenate supplementation of SL1344 panC panF  most likely possible via unspecific uptake or a so far unidentified uptake system -
stm0145 stm1004 nadC pncB 50.4 ± 9.0 <0.0001 <0.001 Nicotinic acid / β-NMN auxotrophy Low amounts of nicotinic acid / β-NMN available in vivo -
stm2838 stm3315 gutQ yrbH 40.2 ± 3.7 <0.0001 <0.001 Synthesis for LPS precursor KDO (2-keto-3-deoxy-octonate) blocked; D-arabinose-5-P auxotroph
Excess of D-arabinose 5-P supplementation before infection could be the reason for residual in vivo growth. The 
construction of this gene deletion combination was already described in E.coli  [61] -
stm4247 stm1802 alr dadX 23.6 ± 11.6 <0.0001 <0.001 Peptidoglycan synthesis blocked Low in vivo  growth rates are most likely possible through cryptic activity of other enzymes (e.g. MetC [47] ). The construction of this gene deletion combination was already described in Salmonella [62] -
stm0542 stm1883 folD purT 7.1 ± 2.1 <0.0001 <0.001 Tetrahydrofolate synthesis blocked - -
1: False discovery rate
2: None with enhanced in vitro  growth phenotype
Growth rate in % of 
wildtype
Supplemental table 1
Supplemental table 1: Description of constructed double mutants 
In supplemental table 1, all constructed mutants and their experimentally determined in vivo growth rate (in % of wild type) are given.  
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Previous  in silico  results  indicate  that  the vast majority of Salmonella genes  is dispensable  for growth. 
Experimental data prove the  individual dispensability of metabolic genes, but experimental data about 
the dispensability of metabolic gene clusters is lacking. 
To  experimentally  analyze  the  dispensability  of  metabolic  gene  clusters  in  S.  Typhimurium,  we 
performed an unbiased large‐scale random mutagenesis approach. For this, we generated mutator lines 
(SL1344 dnaQ mutS)  that possess a high mutagenesis  rate. We passaged 20 separate mutator  lines  in 
two different media  for 800  / 1800 generations. After  complementing  the mutator  lines with a dnaQ 
mutS expression plasmid, we  identified  their  genomic mutations  via  Illumina/Solexa deep  sequencing 
and subsequent in silico analyzes. We also acquired and analyzed the proteome of all 20 lines to validate 
our sequence analysis findings.  
Our  results  indicate  that  the mutator  lines  accumulated  some  2700  to  3900 mutations,  causing  an 
inactivation  of  about  400  to  600  genes.  Thus  we  were  able  to  show  in  an  unbiased  large‐scale 












Accumulated gene inactivation approach in Salmonella Typhimurium by deleting 
the anti-mutator genes mutS and dnaQ 
(Manuscript in preparation, additional analyses are planned) 




Previous results indicate that in Salmonella Typhimurium, the vast majority of metabolic genes may be 
not needed for replication. To experimentally analyze gene dispensability in S. Typhimurium, we 
developed an unbiased large-scale method for random mutagenesis. Deletion of the anti-mutator genes 
mutS and dnaQ resulted in a strain with 6.000 times elevated mutagenesis rate, which is higher than 
mutation rates in previous multi-cycle reductive evolution experiments. We applied this method for 
reductive evolution of 20 bacterial lines in two different defined media for 800 or 1800 generations. The 
mutator lines accumulated a total of some 66.000 mutations, with about 400 to 600 genes inactivated 




Infectious diseases are a global, rising threat [1]. Constant formation of new antimicrobial resistances 
leads to development of pandrug-resistant pathogens (reviewed in [2]), and new antibacterial drug 
targets to fight this threat are difficult to identify. Most genes in pathogens are unsuitable as drug 
targets, since they show only a weak phenotype during infection [3-10]. The reason for the weak 
phenotypes could be true dispensability of these genes, dispensability through functionally redundant 
enzymes / pathways or a virulence contribution below the experimental detection threshold. Genes with 
a minute virulence phenotype could nonetheless have an important function for virulence through a 
cumulative contribution to virulence (the “marginal benefit” hypothesis [11]). 
In a previous study, our group analyzed the underlying reason for the predominance of non-contributing 
genes in the pathogen Salmonella enterica serovar Typhimurium (manuscript submitted). For this, we 





proteome analysis suggested that in a typhoid fever model only few metabolic genes have small growth 
rate defects below the detection threshold of some 5% [13]. Redundancy of alternative enzymes or 
metabolic pathways was also of minor importance during infection. In contrast to this, in silico analyses 
and ex vivo proteome data suggested true dispensability for the majority of metabolic enzymes, with 
only some 364 to 700 metabolic genes needed for replication in the typhoid fever model ([13], 
manuscript submitted).  
Here, we wanted to experimentally validate these predictions and analyze gene dispensability in 
S.Typhimurium in an unbiased manner. For this we developed a method for random extensive genome-
scale gene inactivation. To determine the feasibility of our goal to obtain highly inactivated Salmonella 
genomes, we tested the suitability of mutator genes or inactivated anti-mutator genes that might induce 
a higher mutation rate compared to previous mutagenesis approaches [14, 15]. Our experimental results 
indicated that overexpression of mutator genes was unsuitable for long term experiments due to rapid 
selection for mutations that diminish mutator gene function. In contrast, deletion of anti-mutator genes 
allowed for sustainable high mutagenesis rates and large-scale random mutagenesis, leading to rapid 





High mutagenesis rates through expression of mutator genes selects for suppressor mutations 
 
 
To increase mutation rates we first expressed a mutated form of the α-subunit of DNA polymerase III 
(dnaE173) and the DNA adenine methyltransferase dam. These genes are involved in chromosomal 
replication and the methyl directed mismatch repair system. It has been shown for both genes that an 
overexpression leads to increased mutation rates, including a high proportion of frameshifts [16, 17]. To 
use these genes for mutagenesis, we combined dnaE173 and dam on a plasmid under control of the L-
arabinose inducible promoter PBAD (pBS12). Induction of dam and dnaE173 resulted in a large range of 
colony sizes (see fig. 1) and strongly increased mutagenesis rates observed in the rifampicin assay (some 
7x104 to 7x105 fold increase compared to the wildtype). However, mutagenesis rates decreased 
dramatically during subsequent induction cycles. Plasmid transfer experiments revealed that mutator 





of large colonies showed in additional cycles mutagenesis activities that were similar to separate dam or 
dnaE173 overexpression (see Fig 2, A to I), suggesting that the other mutator gene had been impaired. 




Deletion of mutS and dnaQ leads to high mutagenesis rates 
 
Since the inducible mutator construct proved to be unstable, we used an alternative approach for large-
scale random mutagenesis. We deleted the ε-subunit of DNA polymerase III (dnaQ) which is responsible 
for proof reading during replication, and mutS, an enzyme essential for the methyl directed mismatch 
repair system. Deletion of these anti-mutator genes led to a similarly heterogeneous colony size 
distribution as observed for dnaE173 and dam overexpression (see fig.4A). SL1344 dnaQ mutS 
demonstrated a very high mutation rate which was observed in the rifampicin assay (see fig. 3). 20 
separate mutator lines were passaged for some 800 to 1800 generations in minimal or rich media. The 
lines were then complemented with an inducible dnaQ mutS expression plasmid (pBS33), which restored 
growth and low mutation rates (see fig. 3, fig. 4B). We continued to work with these stabilized lines. 
 
 
Mutation spectrum and mutation rates of mutS dnaQ null mutants 
 
We identified genome sequences of all 20 stabilized mutator lines via Solexa deep sequencing. We 
detected in total some 66.000 mutations, with a ratio of single nucleotide polymorphisms (SNPs) to 
insertions / deletions (InDels) of two to one. We mapped these 66.000 mutations on the chromosome of 
S. Typhimurium SL1344 to determine mutagenesis coverage. The average distance between mutations 
was 74 bp ± 117 bp, the maximal detected distance between two mutations was 6246 bp.  
SNPs did not show a preference for hotspot sequences and only a slight preference for GC over AT 
mutations. Transitions made up 95% of all SNP mutations (see tab. 1). In comparison to this, InDels 
showed a strong tendency for AT over GC mutations (see tab. 1) as well as for sequence hotspots, with 





in runs of at least four identical nucleotides; deletions: 68 ± 15% in runs of at least four identical 
nucleotides). The majority (>98%) of InDels affected one to two bases. Based on the estimated amount 
of generations during the experiment, the mutagenesis rate was in the range of 2.2 to 3 mutations per 
division (see tab. 2). 
 
 
Gene inactivation by random mutagenesis 
 
We were interested in which genes can be inactivated in the Salmonella genome. We considered only 
InDels and nonsense-mutations within the central 60% of a gene as inactivating mutations to minimize 
the risk of false positives (see Materials and Methods for a more extensive explanation).  
The average number of inactivated genes per mutator line was some 400 to 600 genes. In total, 2976 
genes were inactivated at least once in one of the 20 lines, which represented two thirds of the total 
number of genes in the genome of S. Typhimurium SL1344 (see fig. 5).  
 
 
Comparison to other data sets  
 
We compared genes inactivated in our mutagenesis approach with data for a defined single gene 
knockout library of E. coli (Keio collection [18]). In 12 out of 1732 cases, our experimental data differed 
from the Keio collection. These conflicts could be explained by rich nutritional supplementation in our 
approach (purB). In some cases, viable mutants of putative essential genes were also reported in other 
literature sources (yraL [19], ftsN [20], minD [21], lpxB [22], rfaK [23], entD [24], bscB [25] and yrfF [26]). 
Thus, from 12 conflicts, only 3 could not be explained (yqgD, yhhQ, ydiL), which was due to lacking 










Massive mutagenesis leads to distinct phenotypes 
 
All mutator strains had mild to severe growth rate defects. On average, rich medium mutator lines grew 
at 50% of the wildtype rate, whereas minimal medium lines had some 70% of the wildtype growth rate 
(see fig. 6). 
Preliminary proteome analysis of the mutator lines indicated drastic differences in the protein content of 
the mutator lines. On average, 32 ± 13 proteins were more than tenfold expressed compared to the 
wildtype, 215 ± 43 proteins were less than 0.1 fold expressed compared to the wildtype (see fig. 7). 
Preliminary analysis also indicated a higher concentration of GroEL/GroES and DnaK, especially in heavily 
mutated and fast growing rich medium lines. 
Metabolic analysis of genes inactivated in the mutator lines revealed that diverse catabolic pathways 
were inactivated in the various lines (glycolysis, β-oxidation, parts of mixed acid fermentation, glyoxylate 
cycle, degradation of diverse carbohydrates). Specifically in lines grown in rich media, multiple synthesis 





To analyze gene dispensability in Salmonella in an unbiased manner, we tested the suitability of different 
approaches for random mutagenesis. Other groups were able to show that overexpression of mutator 
genes or deletion of anti-mutator genes can be used for random mutagenesis [14, 15, 27]. We were 
interested in higher mutagenesis rates than reported in these experiments to allow for a more rapid 
reductive evolution process. Our results indicated that overexpression of genes with high mutagenesis 
rate are unsuitable for long-term experiments. In contrast to this, the deletion of the anti-mutator genes 
dnaQ and mutS was successfully used for a reductive evolution approach, enhancing the mutagenesis 
rate sustainably to a higher level. Passaging of the dnaQ mutS mutator strain led to massive 






In a first approach, we overexpressed the mutator genes dnaE173 and dam. This resulted in a high 
mutagenesis rate in the first cycle, but mutations in the mutator plasmid diminished mutation rates in 
subsequent cycles. A decreased mutagenesis rate likely caused fitness advantages, which resulted in 
rapid displacement of clones that retained fully functional mutator genotypes. The overexpression of 
mutator genes was thus not appropriate for large-scale mutagenesis in multiple cycles. Appearance of 
suppressor mutations during overexpression of strong mutator genes was previously observed by other 
groups. Maisnier-Patin et al. demonstrated that overexpression of dinB can be used for random 
mutagenesis, resulting in a mutagenesis rate of up to 230 fold compared to the wildtype. In line with our 
results, three from eight mutator lines with highest dinB expression showed in the course of their 
experiment altered mutagenesis activity due to suppressor mutations that occurred in dinB [27].  
 
Our aim was to develop an approach for large-scale random mutagenesis for fast inactivation of 
numerous genes in Salmonella. This multi-cycle mutagenesis was not achievable with overexpression of 
dnaE173 and dam due to rapid inactivation. We therefore chose to delete the antimutator genes dnaQ 
and mutS, which participate in the same cellular mechanisms of replication and methyl directed 
mismatch repair system as dnaE173 and dam. After passaging of the mutator lines for 800 to 1800 
generations, SL1344 dnaQ mutS lines were complemented with a plasmid containing mutS and dnaQ 
under control of the arabinose inducible promoter PBAD to reduce mutagenesis extent and to stabilize 
their genome.  
Subsequent whole genome deep sequencing revealed the extent of mutagenesis. Deletion of mutS and 
dnaQ led to a 6.000 fold higher mutagenesis rate compared to the wildtype, and 20 to 26 fold higher 
mutagenesis rates than obtained by mutS deletion or dinB overexpression used in previous multi-cycle 
reductive evolution experiments [15, 27, 28]. On the other hand, the very high mutagenesis rate of the 
SL1344 dnaQ mutS strain led to frequent cell death through mutation of essential genes, which reduced 
the net growth rate of the strain, rendering it most likely avirulent in host tissues. 
As expected, lines that were passaged for more generations due to faster growth in rich medium 
accumulated more mutations than lines that were passaged for about half the number of generations in 
minimal medium. Nonetheless, minimal medium lines showed a higher mutagenesis rate per generation. 
A possible explanation could be that the number of divisions was underestimated in cells grown in 
minimal media. Since 114 genes are required for prototrophic growth (based on the Keio collection [18]), 





mutagenesis in rich media. Cryptic growth of surviving bacteria would then result in a higher absolute 
number of cell divisions with the same final growth yield [29], leading to an overestimation of the overall 
mutagenesis rate per division.  
All in all, our results demonstrated that deletion of the anti-mutator genes dnaQ and mutS can be used 
for unbiased large-scale mutagenesis. We were able to show that Salmonella has the capacity to tolerate 
a massive amount of mutations in vitro and that this mutagenesis leads to drastic proteome changes. 




Materials and Methods 
 
Growth media. Rich and minimal medium was based on modified M9 minimal medium.  
Minimal medium contained instead of glucose only glycerol [0.4 M] as carbon source and 0.0002% L-
arabinose for induction of pBS33 based expression of dnaQ and mutS.  
Rich medium contained instead of glucose only glycerol [0.4 M] as carbon source and 0.0002% L-
arabinose for induction of pBS33 based expression of dnaQ and mutS. Rich medium also contained 
various nucleosides (Thymidine [300 µM], uridine [300 µM], guanosine [300 µM], cytidine [300 µM], 
adenosine [300 µM] and 2-deoxy-D-ribose [300 µM]). Amino acids were supplemented via RPMI 1640 
Amino acids solution (50x, Sigma) [2.5x final concentration] and separate addition of L-alanine [250 µM] 
and L-glutamine [250 µM]. Vitamins were also added (RPMI 1640 Vitamins Solution (100x, Sigma) 
[1x final concentration]). 
If needed, we used the following antibiotica in their indicated concentration: Ampicillin [100 µg/ml], 
streptomycin [90 µg/ml], chloramphenicol [20 µg/ml], kanamycin [50 µg/ml] and rifampicin [100 µg/ml].  
 
Passaging of bacteria. We used strain Salmonella enterica serovar Typhimurium SL1344 hisG xyl [30] as 
parental wildtype strain. Bacteria were passaged mainly in liquid media. Minimal medium lines were 
diluted 1:1000 every 2 days, mutator lines in rich medium were diluted 1:100 each day in the morning 
and 1:1000 in the evening. In absence of growth after incubation, higher amounts of previous cultures 





capability on solid media and used for the next liquid media passage. Bacteria were stored at -80°C at 
regular intervals. 
 
Calculation of divisions accumulated during mutator line passaging. Colonies on plates were estimated 
to be formed by 23.25 divisions (107 CFU). Dilution in liquid media was estimated to lead to 6.6 divisions 
(1:100) respectively 10 divisions (1:1000). 
 
Generation of mutants. Mutants were constructed by lambda red-recombinase mediated allelic 
replacement [31]. 
 
Construction of plasmids for mutagenesis, complementation and conjugation. The genes dnaE173 and 
dam were obtained from plasmids pNF5-dnaE173 [32] and pMQ400 [33] and cloned into plasmid 
pMW279 under control of its PBAD promoter (pBS12). The oriTRP4 region of plasmid pLD54 [34] was 
introduced into plasmid pMW279 to allow for its conjugational transfer (pBS20). dnaQ and mutS from 
Salmonella Typhimurium was cloned into pBS20 under the control of its PBAD promoter (pBS33).  
 
Conjugation. Conjugation was done based on the protocol of Herrero et al. [35] and Demarre et al. [36]. 
In brief, the plasmid containing donor strain E. coli BW20767 [34] and the recipient strain were picked 
from plate and mixed in a ratio of 1:10 in PBS or LB. 200 µl of this solution was used to imbue a filter disc 
(Millipore) on an LB plate without antibiotics, which was then incubated at 37°C for 8 hours. Then the 
filter disc was immersed in 10 mM MgSO4 solution, which was diluted and plated out on LB plates 
containing streptomycin and ampicillin to select for ex-conjugants. Successful conjugation was verified 
by colony PCR, testing for the presence of the plasmid in combination with the presence of the 
Salmonella specific gene srfJ.  
 
Rifampicin assay. Overnight cultures of bacteria were plated out on LB / rich media plates to determine 
the CFU per ml and on LB / rich media plates with rifampicin to determine the amount of Rifr per 108 
CFU. Plates were incubated for 48 h before analysis. 
 
Growth rate determination. Erlenmeyer beakers with bacteria were incubated in a water bath at 37°C to 
minimize temperature fluctuations. The growth rates were determined in duplicates and displayed as 





Proteome analysis. 10 ml of overnight culture were pelleted and washed once with PBS. The cell pellet 
was lysed with 8M urea and RapiGest (0.1%) in combination with ultra sonification. Protein 
concentration was determined via a BCA assay (thermo scientific pierce BCA protein assay kit) according 
to the manufacturer’s description. 100 µg protein was reduced and alkylated via addition of tris(2-
carboxyethyl)phosphine (TCEP), iodoacetamide and N-acetyl-cysteine. Proteins were then digested with 
the proteases Lys-C and trypsin. After digestion, a mix of heavy labeled reference AQUA peptides was 
added to wildtype samples for peptide quantification. Peptides were bound to C18 columns (Macro 
SpinColumns, Harvard Apparatus) and washed with acetonitrile and trifluoroacetic acid (TFA) containing 
buffers. The eluated peptide mixture was dried and resuspended in LC-MS/MS buffer in a final 
concentration of 0.5 µg/µl. Samples were analysed by LC-MS/MS using an LTQ-Orbitrap-Velos instrument 
(Thermo-Fischer Scientific). 
 
Whole genome deep sequencing. Genomic DNA was prepared out of the bacterial amount 
corresponding to 12 OD of an overnight culture, using the Genelute Bacterial genomic DNA Kit (Sigma) 
according to manufacturer’s description. Samples were then further processed at the ETH Zürich 
Department of Biosystems Science and Engineering in Basel (D-BSSE). In brief, 50 ng of genomic DNA was 
treated with the Nextera™ DNA Sample Prep Kit (Epicentre) to prepare the samples for sequencing. 
Samples were sequenced in 50 cycles with the Solexa method (Illumina). 
 
In silico analysis. Solexa sequence output was prepared for analysis by in-house Perl algorithms and 
analyzed via VAAL (v1.2) [37]. The VAAL output was then processed by diverse in-house Perl algorithms 
to identify mutated genes. Perl algorithms were based upon code presented in www.szabgab.com, 
www.perldoc.perl.org, www.tizag.com, www.perlmonks.org and [38]. Genome annotation information 
and genome sequences were downloaded from the homepage 
http://brcdownloads.vbi.vt.edu/patric2/genomes/.  
 
Gene inactivity evaluation. Only InDels with a size unequal of 3 or 6 nucleotides and nonsense 
mutations were evaluated for a possible gene inactivation. Any of these mutations within the arbitrary 
threshold of 20 to 80% of the open reading frame (ORF) were designated to cause a gene inactivation. A 
mutation within the first 20% of the ORF was also designated as a cause for gene inactivation, if no 






Ortholog identification. To enable comparison of the mutagenesis results of Salmonella Typhimurium 
SL1344 with the highly annotated Salmonella Typhimurium LT2 genome, mapping of SL1344 orthologs 
with LT2 genes was done with OrthoMCL (v1.4) [39]. Shared synteny between both Salmonella serovars 
was used to identify the correct orthologous pairs, if multiple combinations were possible. 
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SL1344 SL1344 pBS12 (dnaE173 dam)  
 
Fig. 1: Colony morphology of wildtype SL1344 (A) and SL1344 pBS12 (dnaE173 dam) after induction (B).  
Whereas the colony size of the wildtype is homogeneous, a single overexpression cycle of the mutator 
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Fig. 2: Rifampicin resistance (Rifr) after one cycle of dnaE173 and dam mediated mutagenesis (positive 
control) or of large colonies subject to a second mutagenesis cycle (A to I). 
Positive control and wildtype control data were pooled from two subsequent experiments. For the 
wildtype, three data points were below the detection threshold of some 0.15 Rifr /108 CFU, indicated as 
open circles. Values for average amount of Rifr per 108 CFU for dam (some 200 Rifr per 108 CFU) and 


















































Fig.3: Rifampicin resistance in SL1344 (wildtype) and different mutator lines with and without dnaQ mutS 
complementation. 
For the complemented wildtype and mutator strain SL1344 dnaQ mutS, data points were below the 
detection threshold (some 0.4 Rifr /108 CFU for SL1344 pBS33, some 10 Rifr /108 CFU for SL1344 dnaQ 





















Fig. 4: Colony morphology of SL1344 dnaQ mutS (A) and SL1344 dnaQ mutS pBS33 (dnaQ mutS) after 
induction (B).  
Whereas the mutator line shows inhomogeneous colony morphology, complementation and induction of 
dnaQ and mutS led to a higher growth yield and more homogeneous colony size and morphology. The 























































Fig. 5: Number of mutations and inactivated genes in mutator lines grown in rich and minimal media. 
(A) Overview about mutagenesis in rich media (open circles) and minimal media (filled circles). (B) About 
two thirds of all genes in the SL1344 genome were inactivated at least once in one of the 20 mutator 
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Fig. 6: Growth of SL1344 and the complemented mutator lines in rich and minimal media. 
(A) Growth curves of complemented mutator lines passaged in rich medium compared to the wildtype 
(red line). (B) Growth curve of complemented mutator lines passaged in minimal medium compared to 
the wildtype (red line). (C) Division times of mutator lines passaged in rich media and in minimal media 
(filled circles) compared to the wildtype (open circles). 
Shown data is based on the average value of two biological replicates. Exponential growth for the 
determination of division times was estimated in the OD range 0.0625-0.275 for rich medium lines and 


































Fig. 7: Proteome changes of mutator lines passaged in rich media (open circles) and minimal media (filled 
circles) compared to the wildtype. Indicated are the numbers of proteins with > 10 fold overexpression 



















Fig. 8: Map of Salmonella metabolism. 
In this chart, we displayed metabolic reactions associated with genes inactivated in mutator lines grown 
in rich media (red), in minimal media (blue) and genes inactivated in both conditions (green). The chart 























Tab. 1: Mutation spectrum of SL1344 dnaQ mutS. 
The mutation spectrum was determined by genome sequencing of the passaged mutator lines and 
subsequent in silico analysis with VAAL [37]. Data was pooled from all 20 lines grown in minimal and rich 
media. 
 Insertions Deletions SNPs % Transition % Transversion 
AT 6272 8343 20465 95.9 4.1 
GC 1787 4890 24107 94.6 5.4 
% AT 77.8 63 45.9 - - 
 
 
Tab. 2: Mutation results per mutator line 
The mutation results per line were determined by genome sequencing of the passaged mutator lines and 
subsequent in silico analysis with VAAL [37]. Data was pooled from all 10 lines grown in the same 
medium. 









































Salmonella  in  vivo  metabolism  is  of  crucial  importance  for  its  virulence,  but  a  comprehensive  and 
quantitative understanding of metabolism during  infection has been  lacking. To address  this  issue we 
used an  integrated experimental /  in silico approach. First, we generated an  in silico  reconstruction of 
Salmonella metabolism (see 2.1). To adapt this reconstruction to in vivo conditions, we used Salmonella 
in vivo mutant phenotypes that were informative for host nutrient supply (see 2.2). The resulting in vivo 
model  of  Salmonella  metabolism  allowed  predicting  in  vivo  nutrient  fluxes  and  nutrient  utilization 
mechanisms.  These  results  indicated  a  qualitatively  nutrient  rich,  but  quantitatively  nutrient  poor 
environment, supporting only slow nutrient‐limited Salmonella growth. Furthermore, the  in vivo model 
allowed  analyzing  the  contribution of  genes with undetectable phenotype  to  virulence  (see 2.3). Our 
results suggest that most genes were truly dispensable  for replication  in vivo because of availability of 








silico  reconstruction  of  Salmonella metabolism. Metabolic  reconstructions  (MRs)  are  a mathematical 
representation of metabolism,  containing all known metabolic  reactions with associated enzymes and 
metabolites  in their respective stoichiometry. MR allow in silico analyses of metabolism in combination 





years  ago,  about  70%  of  Salmonella  genes  have  similar  E.  coli  orthologs  [90,  91]. We  retained  1075 






allose,  D‐galacturonic  acid  and  sucrose  ([77,  81],  see  Biolog's  Phenotyping MicroArray™  technology 




MRs  like BRecon can be  further  improved when new experimental data becomes available. Moreover, 
the content of reconstructions  is  influenced by somewhat subjective choices  in  literature research and 
interpretation  [1].  To  improve  our  reconstruction,  we  therefore  co‐organized  a  jamboree  to merge 
BRecon with the  independently generated Salmonella MR AJrecon (a variant  is published  in [100]) to a 
consensus reconstruction of Salmonella metabolism (STMV1.0) [1]. STMv1.0  includes 1270 genes, 2201 
metabolic reactions, three separate compartments  (cytosol, periplasm and extracellular), and  is one of 






metabolic  in  silico  analyses,  such  as  simulation  of  antibiotic  effects  [100],  gene  essentiality  and 
phenotype prediction  for  single or multiple  gene deletions  [83, 106, 107], metabolic network  activity 




non‐annotated  reactions  was  associated  with  metabolite  transport  across  the  inner  membrane. 









methionine quantities, suggesting efficient transport capabilities.  Indeed,  literature mining  indicated at 
least one so  far unidentified methionine  transport system  in Salmonella  [112]. Possible candidates  for 
this methionine  uptake  system  include  18  annotated  or putative  amino  acid  transporters  [112,  114]. 
Experimental  analysis  of  these  candidates  could  lead  to  the  identification  of  the missing methionine 
transporter.  Besides  obvious  knowledge  gaps  of  non‐annotated  reactions,  additional  poorly  known 
metabolic  reactions  are  also  lacking  in  the  reconstruction.  Some  of  these  knowledge  gaps  can  be 
identified by comparing  in silico predictions with experimental data. For example, a gap of knowledge 
was  indicated  by  the  below  average  growth  prediction  accuracy  on  sulfur  compounds  (40%).  This 















nutrient utilization and auxotrophic  Salmonella mutants  in  vivo. Our experimental data  and  literature 
data evaluation  suggested  that at  least 45 metabolites are available  to Salmonella  in vivo. Qualitative 
data for in vivo availability of 64 metabolites was already included by Raghunatan et al. into a Salmonella 






model  of  Raghunatan  et  al.  had  at most  a minor  relevance  according  to  our  experimental  data  and 
literature  resources,  including sialic acid, allantoin, gluconate, ethanolamine and propanediol  [70, 72]. 
Since in Raghunathan et al. the corresponding literature sources were not specified, it is not possible to 
evaluate why specific nutrients were included into their model and if they limited the nutrient availability 
scope  to  a  typhoid  fever model  [100]. A  large number of  the 35 nutrients either not  tested by us or 
without detectable contribution are  likely present during enteritis when Salmonella  resides  in  the gut 
lumen, but not  in  typhoid  fever  (e.g., ethanolamine, dimethyl  sulfoxide,  cellobiose,  fructose,  fucose  / 
arabinose, galactitol and galactonate [64, 70]).  
Another explanation  for discrepancies  in nutrient availability might be that Raghunatan et al.  included 
results  of  indirect,  misleading  experimental  data  into  their  model.  We  demonstrated  that  nutrient 
availability can be determined by replication rates of auxotrophic mutants and transporter mutants that 
are  unable  to  take  up  and  metabolize  specific  nutrients  (see  2.2).  Besides  this  approach,  nutrient 
availability was frequently assumed by numerous indirect methods. For example, based on phenotypes 
of catabolic pathway mutants  it was often  inferred that the respective nutrient  is an  important part of 
the  bacteria´s  nutrition  (e.g.,  fatty  acid  availability  assumed  based  on  isocitrate  lyases  Δicl1  Δicl2 
phenotypes of M.  tuberculosis  [120]). However, mutations  in nutrient  catabolism  can  also  lead  to  an 
accumulation  of  toxic  compounds,  hence  these  mutant  phenotypes  are  not  informative  about 
quantitative nutrient availability  [121]. Nutrient availability was also determined  in  literature based on 
transcriptome or proteome data. For example, gluconate was appointed to be one of the main carbon 
sources  during  infection,  based  on  an  upregulation  of  gluconate  transporters  in  Salmonella  infecting 
macrophages  [116].  In  comparison  to  this,  Liu  et  al.  demonstrated  that  transcriptome  data  can  be 
misleading. They detected in E. coli growing on different carbon sources with decreasing replication rates 
an  expanding  transcription  pattern,  resulting  in  a  systematic  expression  of  catabolic  pathways  for 
compounds that were not present in the media [122]. Thus, expression of a certain transporter does not 
necessarily  imply  presence  of  its  corresponding  nutrient. Moreover,  cell  culture models might  differ 









mutant phenotypes due to  lack of quantitative nutrient exchange fluxes. Since we were  interested  in a 
comprehensive understanding of  Salmonella  in  vivo metabolism, we needed  to  integrate quantitative 
nutrient  availability  into  our  model.  To  determine  quantitative  flux  estimates,  we  evaluated 
experimental in vivo data of Salmonella nutrient utilization defect and auxotrophic mutants, and applied 
knowledge over biomass requirements and nutrient utilization efficiency. To further improve prediction 
accuracy, we  limited  242  enzymatic  reaction  fluxes  to  their  in  vivo  feasible  range  based  on  ex  vivo 
protein  abundance  and  enzyme  turnover  numbers  ([124,  125],  own  unpublished  data). We  adapted 
biomass  requirements  to  Salmonella  in  vivo  phenotypes  reported  in  literature  for  a more  accurate 
representation of minimal requirements during  infection. Based on all these data, we transformed our 




infection.  The  evaluation  of  quantitative  nutrient  uptake  fluxes  revealed  a  paradoxical  situation  of  a 
qualitatively nutrient  rich, but quantitatively nutrient poor  in vivo environment. We propose  that  this 
nutrient shortage leads to a limitation of Salmonella in vivo replication to the observed 6 h per division 
[64].  In  line with this, any further diminishment of nutrient supply  led to a reduced Salmonella growth 
rate.  
The  SCV  is  a  nutrient  poor  environment, which  is  likely  a  special  case  for  intracellular  environments 
inhabited by pathogens. In comparison to this, other host compartments like blood / cerebrospinal fluid 
and  the  cytosol are  known  to be nutrient  rich  compartments  [126]. This high quantity of nutrients  is 
reflected by the rapid growth of diverse pathogens in these niches. For example, the cytosolic pathogen 
Shigella  replicates with a generation  time of 30 minutes  in  infected human  cells, approaching growth 
rates observed  in  rich  culture media  [127‐130]. The pathogen Neisseria meningitis on  the other hand 
causes a rapid disease progression by fast replication in blood and / or cerebrospinal fluid, reaching loads 
of 109 bacteria per ml  in  these compartments  ([131, 132],  reviewed  in  [133]). These  findings  suggests 
rich,  non‐limiting  nutrient  supply  at  least  for  pathogens  residing  in  compartments  like  blood  / 
cerebrospinal fluid and cytoplasm, as opposed to a nutrient limitation for Salmonella and maybe also for 
other vacuolar pathogens. The vacuolar pathogen M. tuberculosis has a very low growth rate in vivo with 






general  nutrient  limitation  for  vacuolar  pathogens  cannot  be  drawn  at  present.  The  generation  of 
quantitative  in vivo models  for other pathogens might help  to unravel nutrient  supply  in various host 
environments.  
Taken together, our model of Salmonella in vivo metabolism is the first that describes the quantitative in 
vivo  nutritional  landscape  of  a  pathogen.  It  gives  a  comprehensive  overview  about  Salmonella 










73].  This  is  similar  to  other  pathogens,  where  a  high  percentage  of  genes  does  not  contribute  to 
virulence [72, 73, 136‐142].  
We wanted  to analyze which  factors  contribute  to  the observed  resilience of  the Salmonella genome 
against perturbations,  focusing on  in vivo metabolism as a suitable subsystem  [143]. Using our  in vivo 
model of infection (see 2.2), we were interested in genes with undetectable phenotypes during infection 
and wanted to determine if they were either truly dispensable, dispensable due to redundancy or if they 









were  dispensable  during  infection.  Further  analysis  indicated  that  the  qualitatively  nutrient  rich  host 
environment  rendered  the major part of  Salmonella’s metabolic potential  superfluous and  inactive  in 
vivo.  
Apart  from  the  in  vivo  nutrient  availability,  the  presence  of  isofunctional  enzymes  (“intrinsic 
redundancy”) or alternative pathways  (“extrinsic” redundancy) are other  factors with a high  impact on 
metabolic  robustness  [108,  145‐147].  Similarly  to  previous  studies,  our  in  silico  and  experimental 
analyses of metabolism  indicated  that  some 39% of all  in vivo active enzymes are dispensable due  to 
intrinsic (26%) or extrinsic (13%) redundancy.  
Extensive gene  inactivity and  redundancy  indicated  that a major part of Salmonella metabolism  is not 
needed  in  the  typhoid  fever  model.  Indeed,  in  silico  analysis  suggested  that  it  is  possible  to 
simultaneously  delete  most  genes  with  undetectable  virulence  phenotype,  resulting  in  a  minimal 
genome containing only 364 to 373 metabolic enzymes that still allowed for unimpaired in vivo growth. 
This  suggests  that  the  majority  of  Salmonella metabolic  genes  is  truly  dispensable  for  virulence  in 
systemic  infection, thus explaining the observed astonishing  resilience against metabolic perturbations 
[64].  This  result  is  in  direct  contradiction  to  the  “marginal  benefit”  hypothesis  of  a  small  but 
accumulating fitness contributions of many enzymes with weak phenotypes [144]. On the other hand, E. 
coli strains lacking 15 to 22% of their genomes demonstrated equal growth rates to the wild type, which 
strongly  speaks against a marginal but accumulative benefit of  the  removed 704  to 1081 genes  [148, 
149].  
Another  implication of  this  finding  is  that  the qualitatively nutrient  rich host environment allows  for a 
massively reduced Salmonella genome, reminiscent of small genomes occurring in some pathogens such 
as Mycoplasma [150]. Consistent with this, previous in silico analyses of other microorganisms suggested 
that only  some 245  genes  and  some 300 metabolic  reactions  are needed  for  growth  in nutrient  rich 
environments [151, 152].  
In contrast to the core backbone of some 364 to 373 Salmonella genes needed for in vivo replication, our 
ex  vivo  proteome  data  and  previous  estimates  indicated  some  450  to  700  metabolic  enzymes  are 







affinity  uptake  reactions which  are  neglected  in  FBA  calculations  if  less  cost  intensive  reactions  are 
present  (e.g.  zinc  uptake  [153])  or  (iii)  reactions  that  are  not  included  in  the  biomass  function  (e.g., 








needed  for  replication  in vivo, which would be  in the  range of predictions  for a minimal self‐sufficient 
gene  set  in  a  nutrient  rich  environment  [155,  156].  Validation  of  this  hypothesis  requires  extensive 
genome‐scale gene inactivation.  




Bacteria  with  reduced  genome  sizes  can  also  be  artificially  generated  with  different  experimental 
approaches,  including  synthesis of  artificial  chromosomes  [160],  targeted  removal of  large  clusters of 
dispensable  genes  [148,  161,  162]  or  random  mutagenesis  [163‐165].  Artificial  synthesis  and 



























be  removed without  impairing  growth.  Earlier  studies  showed  that mutagenesis  in  combination with 
single cell bottlenecks (high genetic drift) led to a continuous growth rate decrease, an effect also known 
as Muller’s ratchet [163, 164, 168]. To counter‐select a growth rate decrease and to prevent detrimental 
effects  of  bottlenecks,  some  104  to  105  CFU  per  line were  passaged  each  day. Nonetheless,  all  lines 
showed a decreased growth  rate compared to the wild type. This could be caused by the mutation of 
genes contributing to growth. On the other hand,  it could also be caused by non‐specific effects  like (i) 
higher protein  turnover  caused by mutated,  less  stable enzymes,  (ii) higher permeability of  the  inner 
membrane through  integration of mutated membrane proteins or (iii) disturbed expression regulation, 
leading  to  a  massive  protein  overexpression.  Furthermore,  mutations  leading  to  frameshifts  or 
premature  stop  codons  in  the  coding  sequence of enzymes  can  result  in  shortened peptides without 
enzymatic  activity.  Expression  of  these  peptide  fragments  represents  a  futile  energy  expenditure, 
decreasing the overall fitness of the mutant strain. 
Further passaging of the complemented strains  in  larger numbers  than the aforementioned 104 to 105 
CFU might  allow  to  select  for  faster  growth  through  suppressor mutations.  Fitness  increase was  e.g. 





[164]. An example of  suppressor mutations would be  the  loss of mutated genes  that encode  inactive 




caused by mutagenesis. Additional overexpression of  the  chaperones GroEL  further  increased  fitness, 
supporting the strong  impact of misfolded proteins [165].  In comparison to this, preliminary proteome 




tolerated  by  individual  Salmonella  strains.  In  total  about  two‐thirds  of  all  Salmonella  genes  were 










the  first metabolic  in  vivo model  of  any  pathogen  that  contains  quantitative  nutrient  flux  estimates. 
Quantitative  predictions  indicated  the  paradoxical  situation  of  Salmonella  residing  in  a  qualitatively 
















In  this  thesis,  the  construction  of  and  applications  for  a  metabolic  Salmonella  in  vivo  model  were 
presented. The outlined steps can principally be applied to construct metabolic  in vivo models  for any 
other pathogen. This would for example reveal if nutrient limitation is specific for Salmonella or common 
for  intracellular  pathogens  residing  in  phagosomes.  However,  successful  development  of  such 
comprehensive metabolism models would require (i) the availability of a high quality genome annotation 
as basis  for  the metabolic  reconstruction,  (ii) availability of an appropriate small animal model system 
and (iii) methods for genetic manipulation of the pathogen.  
Already published experimental data or metabolic reconstructions could be used for further analysis, but 






Salmonella  infection  shows  heterogeneous  distribution  for  growth  rate  and  anatomical  localization. 
Whereas Salmonella is homogeneously distributed in liver [27], in spleen Salmonella is found in the red 
pulp  and  the  bordering marginal  zone,  but  not  in  the white  pulp  [170].  Importantly,  heterogeneous 
Salmonella  in vivo growth rates were observed [171, 172], which should have  important consequences 






an  oversimplification  for  heterogeneous  Salmonella  populations.  For  incorporation  of  in  vivo 
heterogeneity  into the  in vivo metabolism model, Salmonella subpopulations with different replication 






Data presented  in chapter 2.4 showed  that unbiased  large‐scale  random mutagenesis can be used  for 
massive  gene  inactivation  in  Salmonella.  For  both  “natural” minimal  genome  strains  as  well  as  for 
bacteria  that  have  been  subject  to  a  targeted  gene  deletion  approach,  the  additional  application  of 
random mutagenesis  could  offer major  benefits.  Further  gene  inactivation  via  random mutagenesis 
could  lead  to  a  fast  and  saturated  profile  of  essential  genes without  time  consuming  experimental 
setbacks,  since  surviving progeny accumulates  inactivating mutations only  in non‐essential genes. The 
inactivation of anti‐mutator genes like dnaQ and mutS could be used for the generation of a minimal in 
vitro genome  for a range of bacteria.  In contrast to this,  in vivo experiments would be hampered by a 
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Chronic infections caused by persistent pathogens represent an important health 
problem. Here, we establish a simple practical mouse Salmonella infection model for 
identifying bacterial maintenance functions that are essential for persistency. In this 
model, a substantial fraction of Salmonella survived even several days of treatment with 
a potent fluoroquinolone antibiotic indicating stringency of the model. Evaluation of 
twelve Salmonella defects revealed dramatically relaxed requirements for Salmonella 
during persistency as compared to acute infections. A defect in synthesis of 
unsaturated/cyclopropane fatty acids resulted in rapid Salmonella clearance suggesting 








Persistent pathogens represent a major problem for control of infectious diseases [1]. 
Extensive drug tolerance of persisters to all available antimicrobials often leads to 
treatment failures and relapse. Persistent pathogens may adopt a non-replicating 
dormant stage with no requirement for macromolecular synthesis comprising most 
current antimicrobial targets [2]. As a consequence, such dormant stages are tolerant to 
most antibiotics. In addition, low metabolic activity during dormancy might minimize 
vulnerability to perturbation. In fact, it remains unclear if dormant persisters have any 
essential maintenance requirements for survival that could provide opportunities for 
eradication through antimicrobial chemotherapy. 
Various in vitro models have been used as an approximation of chronic infection 
with dormant persisters. Data obtained with these models revealed differential 
perturbation effects depending on the particular model and the respective pathogen [3-
8]. As an example, proton motive force-driven ATP synthesis has been shown to be 
essential for Mycobacterium tuberculosis survival in a hypoxia in vitro model [9]. Indeed, 
inhibition of ATP synthase accelerates mycobacterial eradication in patients [10]. On the 
other hand, diminishing ATP levels can actually promote E. coli in vitro persister 
formation [1]. Additional in vivo models could help to compare persister maintenance 
requirements under relevant conditions. However, except for Mycobacterium 
tuberculosis, practical in vivo persistency models are largely lacking. 
 Salmonella enterica can cause diarrhea or systemic disease called 





develops asymptomatic chronic infection [11, 12]. In many cases, Salmonella persists in 
biofilms on gallstones but persisting Salmonella have also been detected in liver [13] 
and lymph nodes [14]. Surgical removal of gallstones is required for successful 
treatment of Salmonella in gallstones biofilms, while extended treatment with potent 
fluoroquinolone antibiotics is recommended for treatment of chronic Salmonella tissue 
colonization [15]. Salmonella physiology during persistency is largely unknown although 
some factors that might support chronic Salmonella survival have been identified [12]. 
 In this study, we used a simple chronic mouse Salmonella infection model in 
which a substantial Salmonella subpopulation survived prolonged treatment with a 
fluoroquinolone antibiotic. In this stringent in vivo model, almost all tested Salmonella 
activities were dispensable confirming extensive resilience of persistent pathogens 
against perturbation. On the other hand, the data also revealed a few novel candidate 







Persistency model using Salmonella purA ssaGH 
To generate a practical Salmonella persistency model, we constructed a Salmonella 
strain that survives but largely fails to proliferate in systemically infected mice. 
Specifically, we combined two mutations that had previously been shown to impair 
Salmonella in vivo growth: purA which blocks adenosine biosynthesis [16], and ssaGH 
which inactivates the SPI-2 (Salmonella pathogenicity island 2)-associated type three 
secretion system required for intracellular Salmonella growth and virulence [17]. Both 
purA and SPI-2 mutations have previously been shown to result in long-term persistence 
with minimal acute virulence, but our initial characterization revealed some initial in vivo 
proliferation of both individual mutants after i.v. administration (data not shown). In 
contrast, the double mutant Salmonella purA ssaGH had largely constant bacterial 
tissue loads in spleen and liver (Fig. 1A, B) suggesting limited net growth. 
To determine the suitability of this model for evaluating antimicrobial targets 
during persistency, we treated infected mice with the antibiotic enrofloxacin. This 
antibiotic belongs to the fluoroquinolone class, which is uniquely effective against non-
growing bacteria in vitro [18], and the treatment of choice for human persistent 
salmonellosis [15]. Enrofloxacin is also the most effective drug in the mouse typhoid 
fever where it diminishes Salmonella tissue loads to levels below detection within one 
day of treatment [19]. In our persistency model, enrofloxacin initially diminished spleen 





subpopulation stabilized and remained clearly detectable during at least four days of 
treatment (Fig. 1A). Surprisingly, however, liver loads continuously decreased during 
prolonged treatment suggesting somewhat different Salmonella physiological states in 
the two host tissues. The substantial tolerance of Salmonella purA ssaGH in spleen 
against enrofloxacin indicated that our model offered a practical approach to study 
treatment failures during persistency. Enrofloxacin efficacy also provided a suitable 
benchmark for potential new Salmonella persistency targets.  
 
Salmonella defects with minor persistency phenotypes 
Only a small number of Salmonella genes are absolutely essential for Salmonella 
survival and growth in host tissues during acute salmonellosis [20]. Some of these 
genes might also be relevant for Salmonella persistency. To test this hypothesis we 
transduced 12 mutations into the parental Salmonella purA ssaGH strain. Mouse 
infections revealed that most tested genes had no impact on Salmonella persistency in 
our model despite their crucial importance during acute infections (Fig. 2).  
As an example, ubiC encoding chorismate lyase is required for ubiquinone 
biosynthesis. During acute infection, Salmonella ubiC is completely cleared from 
infected mice within one day indicating absolute essentiality [20]. In striking contrast, 
Salmonella purA ssaGH ubiC survived at high levels indicating dispensability of 
ubiquinone-mediated oxidative respiration during persistency. Similarly, functional 
ATPase is essential for acute Salmonella virulence [21], but we found it to be fully 





tuberculosis models that suggest ATPase to be a particularly attractive target for this 
pathogen [9, 10]. Another case with strikingly different relevance in acute [22] vs. 
persistent Salmonella infections was recA involved in DNA repair. More expectedly, trxA 
encoding a thioredoxin essential for SPI-2 function [23], had no detectable role in 
Salmonella purA ssaGH presumably because SPI-2 was already inactive in this strain.  
 Polyphosphate biosynthesis or fatty acid degradation were known to be largely 
dispensable during acute infection but had some role in other chronic Salmonella 
infection models [24, 25]. However, in our stringent model both activities had weak 
effects indicating their dispensability for persistency. All these negative results 
suggested a severely limited number of suitable targets for control of persistent 
Salmonella infections. 
 
Salmonella defects with moderate persistency phenotypes 
In contrast to all these cases, two mutations, asd and gutQ yrbH, showed moderate 
phenotypes in our model (Fig. 3). asd encoding aspartate semialdehyde dehydrogenase 
is required for biosynthesis of the cell-wall peptidoglycan component diaminopimelic 
acid. A Salmonella asd strain spontaneously lyses in vitro and is completely cleared 
within one day from systemically infected mice [20]. However, Salmonella purA ssaGH 
asd was only partially cleared during the first day post infection which might reflect 
residual proliferation of some Salmonella and/or difficulties in establishing a suitable 
systemic niche [26]. Thereafter, this strain persisted at slowly declining levels in spleen. 





contrast, liver loads rapidly declined suggesting a substantial fraction of Salmonella purA 
ssaGH with active cell-wall turnover/growth in liver. This higher Salmonella activity in 
liver as compared to spleen was consistent with the differential effect of continuous 
enrofloxacin treatment on Salmonella purA ssaGH loads in these two tissues (Fig. 1). 
Similarly, Salmonella purA ssaGH gutQ yrbH that required supplementation with the 
lipopolysacharide precursor arabinose-5-phosphate to grow in vitro [27] and was highly 
attenuated during acute infections (our unpublished data), maintained high levels in 
spleen but was cleared from liver suggesting limited lipopolysaccharide demands during 
Salmonella persistency. Both genes thus were unsuitable as targets. 
Two additional mutants had very severe colonization defects but still maintained 
stable small loads indicating non-essentiality for seven day persistence. Salmonella 
purA ssaGH ribB defective for 3,4-dihydroxy-2-butanone 4-phosphate synthase which is 
involved in riboflavin biosynthesis, was cleared within one day post infection to very low 
levels in both spleen and liver, but stabilized thereafter particularly in liver. This might 
reflect differential availability of host riboflavin supplementation in these two tissues. 
Importantly, these data showed that Salmonella with defective riboflavin biosynthesis 
can survive in vivo for extended periods. Another strain that was rapidly cleared from 
spleen had a defect in iscS encoding cysteine desulfurase involved in repair of iron-
sulfur clusters and tRNA modification [28]. This mutant also dropped to very low loads in 







β-ketoacyl-ACP synthase I essentiality for Salmonella persistency 
Finally, there was a single mutant with a more promising phenotype (Fig. 4A). 
Salmonella purA ssaGH fabB defective for β-ketoacyl-ACP synthase I required for 
biosynthesis of unsaturated fatty acids and cyclopropane fatty acids, was progressively 
cleared from both liver and spleen. During clearance, residual Salmonella purA ssaGH 
fabB were recovered from mice mostly as small-colony variants. Withdrawal of fatty acid 
supplementation in vitro similarly enriched small-colony variants of this strain (Fig. 4B), 
suggesting that reduced growth and metabolism might enhance survival of this mutant 
when external fatty acids are unavailable. However, even small-colony variants were 
rapidly cleared from mouse tissues. Small-colony variants generated in vivo or in vitro 
quickly reverted to fast growth upon sub-culturing in presence of oleic acid 
supplementation. 
To test the suitability of this target for antimicrobial chemotherapy, we 
administered thiolactomycin [29], a slow onset inhibitor of β-ketoacyl-ACP synthase I 
that is effective in mouse infection models with extracellular pathogens [30]. However, 
safe doses did not diminish Salmonella purA ssaGH loads in spleen (Fig. 4C). This 
could reflect the low target affinity of this inhibitor and/or poor delivery to Salmonella that 
persist intracellularly in infected macrophages [14, 19]. 
 The experimental analysis of selected candidate genes suggested biosynthesis of 
unsaturated fatty acids as a potential maintenance requirement for Salmonella 
persistency. To more comprehensively evaluate potential targets that are required for 





computational model of Salmonella in vivo metabolism ([31] and manuscript in 
preparation). Flux-Balance Analysis [32] of the genome-scale metabolic model predicted 
expected essential genes in the fatty acid biosynthesis pathway (accA, accB, accC, 
accD, acpP, fabA, fabD, fabG, fabI) but no other pathways reflecting redundancy in 







Chronic infections represent a major health problem. Eradication often requires long-
term treatment that causes compliance problems, facilitates resistance development, 
and often fails to prevent relapse. Many chronic infections are likely to be caused by 
persistent pathogens in a dormant state with minimal cellular and metabolic activities. In 
fact, it remains unclear if such dormancy has any basal maintenance requirements that 
could be targeted for therapy. Various in vitro and in vivo models have been established 
to determine requirements of persistent pathogens. However, results depend on the 
particular model and it remains unclear how well these models mimic relevant conditions 
during chronic infections. It is likely that even within one infected host tissue, various 
microenvironments exist that might induce distinct forms of persistency [33, 34].  
Here we established a simple Salmonella mouse infection model in which 
Salmonella with dual metabolic and virulence defects persisted at constant tissue loads. 
In spleen, a substantial fraction of such Salmonella reached a non-proliferating state 
with minimal cell wall turnover within one day post infection. The fact that a Salmonella 
subpopulation even survived chronic treatment with a fluoroquinolone, the most potent, 
but still only partially effective antibiotic to eradicate persistent salmonellosis [15] and 
non-growing bacteria in general [2, 18], indicated that this model represented a stringent 
test for identifying targets that might be useful in clinically relevant settings. On the other 
hand, the emergence of small-colony variants of a fabB mutant suggested that in this 
model persistent Salmonella still had some metabolic activities that could be diminished 





 In striking contrast to Salmonella properties in spleen, Salmonella in liver 
remained sensitive to fluoroquinolone treatment and required continues de novo cell wall 
synthesis. These data suggested that despite purine auxotrophy and inactivity of the 
SPI-2 type III secretion system, liver microenvironments permitted residual Salmonella 
proliferation in this tissue. Liver colonization was therefore less suitable as readout for 
Salmonella maintenance requirements during persistency. On the other hand, distinct 
Salmonella microenvironments in this organ provided complementary information for 
target evaluation. As an example, liver seemed to provide conditions that enable at least 
partial survival of Salmonella mutants defective for riboflavin biosynthesis and repair of 
iron-sulfur clusters, in contrast to conditions in spleen. Antimicrobial chemotherapy 
should eradicate Salmonella from all host organs including liver suggesting that the 
corresponding targets might be unsuitable.  
The Salmonella metabolic network contains more than 1200 different enzymes 
that could all represent potential antimicrobial targets. However, only a very small 
number of these enzymes are sufficiently important for Salmonella physiology to qualify 
as potentially suitable targets to control acute infections [20]. This problem was even 
much more severe for persistent infections where we found only a single essential 
Salmonella enzyme indicating strikingly relaxed Salmonella requirements for survival as 
compared to growth in host tissues. Activities that were absolutely essential during acute 
infection, but dispensable during persistency, include cell wall synthesis, ubiquinone-
dependent aerobic respiration, proton motive force-dependent ATP synthesis, 
translational accuracy, DNA repair, and thioredoxin-mediated redox balance. 





might also reflect differences between Salmonella and other pathogens. In addition, 
activities that play important roles in other persistency models including fatty acid 
degradation and polyphosphate storage were also dispensable in our model. These data 
indicate that Salmonella purA ssaGH had minimal requirements for extended in vivo 
survival. 
We found only a single defect, inactive biosynthesis of unsaturated fatty acids 
and cyclopropane fatty acids that resulted in clearance to non-detectable tissue loads 
within a few days. Interestingly, clearance kinetics for defective mutants were faster 
compared to the best current antimicrobial drug enrofloxacin for chronic salmonellosis 
suggesting that the corresponding targets could potentially help to improve treatment of 
such disease. Unsaturated fatty acids and their derivatives cyclopropane fatty acids 
together comprise about one-half the Salmonella fatty acid content [35]. Essentiality of 
de novo synthesis could suggest continuous internal turnover, damage, and or loss to 
the environment. Damage/loss of membranes has previously been proposed as a 
potential strategy to control persisters [36]. Reactive oxygen species can readily 
damage mammalian polyunsaturated fatty acids, but bacterial unsaturated fatty acids 
that usually contain only a single double bond are refractory to oxidative damage [37]. 
Alternatively, membranes could also be lost by shedding outer membrane vesicles [38]. 
On the other hand, continuous synthesis of another outer membrane component, 
lipopolysaccharide may not be needed for Salmonella persistence based on the slow 
clearance of Salmonella purA ssaGH gutQ yrbH from infected spleen (Fig. 3). Further 
studies are needed to clarify the function of de novo fatty acid synthesis during 





and unsaturated) might be sufficiently available in other infectious disease models, 
especially in case of extracellular pathogens [39]. 
 In conclusion, we established a practical, highly stringent in vivo persistency 
model. Data obtained with this model revealed an extremely limited target space for 
antimicrobial chemotherapy of persistent Salmonella infections. On the other hand, at 
least some Salmonella metabolic activities might be crucial for persistency and the 





Materials and Methods 
 
Bacterial genetics 
We used strain Salmonella enterica serovar typhimurium SL1344 hisG xyl [40] as 
parental wild type strain. Salmonella mutants were constructed by lamda red- 
recombinase mediated allelic replacement [41] followed by general transduction using 
phage P22 int [42]. Resistance cassettes were flanked with FRT sites for removal using 
FLP recombinase [41]. All strains were cultivated at 37°C in Lennox LB medium 
containing 90 µg/ml streptomycin and 50µg/ml kanamycin, 20 µg/ml chloramphenicol, 
and/or 100 µg/ml ampicillin, as appropriate. Auxotrophs were supplemented with 40 
µg/ml riboflavin (ribB), 0.1%  oleate (fabB), 50 µg/ml diamino pimelic acid (asd), 15µM 
D-arabinose-5-phosphate / 10 µM glucose-6-phosphate (gutQ yrbH). Agar plates 




All animals were handled in strict accordance with good animal practice and all animal 
work was approved by local animal care and use committee (license 2239, Kantonales 
Veterinäramt BS). Eight to 12 weeks old female BALB/c mice were infected 
intravenously with 106 CFU Salmonella from late exponential LB cultures. For some 
experiments, we administered enrofloxacin (2 mg/ml) in the drinking water beginning two 





competitive infections, mutant Salmonella carrying different antibiotic resistance 
cassettes were mixed before administration. The actual bacterial dose was confirmed by 
plating. At various time intervals post infection, mice were sacrificed, spleen and liver 
collected aseptically in 1ml of 0.1% Triton Tx-100, and number of viable bacteria per 
organ was determined by plating tissue homogenates on appropriate selective media. 
Competitive indices (CI=output ratio/input ratio) were calculated based on plate counts 
for inoculum and tissue homogenates collected at seven days post infection.  
 
In silico modeling 
To predict additional targets, we used a genome-scale computational Salmonella in vivo 
metabolism model STMv1.1, an updated version of the consensus genome-scale 
metabolism reconstruction STMv1 [31] (manuscript in preparation). We used production 
of unsaturated fatty acids as objective function and determined all genes that were 
predicted to be essential for this function with Flux-Balance Analysis [32] using MatLab 
and the COBRA toolbox [43]. 
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Fig. 1: Colonization kinetics of Salmonella enterica serovar Typhimurium purA 
ssaGH in mice. Data are shown for spleen (A) and liver (B) of individual untreated mice 
(open circles) and mice that were treated from day two post infection with enrofloxacin 












Fig. 2: Competitive indices (CI) of various Salmonella mutants vs. the parental 
Salmonella purA ssaGH strain in infected spleen. Data are shown for individual mice 












Fig. 3: Colonization kinetics of four compromised mutants in spleen (open circles) 









Fig. 4: Clearance of Salmonella purA ssaGH fabB from infected mice. A) 
Colonization kinetics in spleen (open circles) and liver (filled circles). Similar results were 
obtained in three independent experiments. B) Heterogeneity of colony size on agar 
plates. Similar data were obtained for two independent in vitro cultures and five 
independent ex vivo cultures. C) Failure of thiolactomycin treatment of mice infected 








7.2 List of abbreviations 
 
BiGG database, Biochemically, Genetically and Genomically structured database; CFU, 
Colony forming units; dam, DNA adenine methyltransferase; E. coli, Escherichia coli; 
FBA, Flux balance analysis; InDel, Insertion/deletion; LB, Lysogeny broth; M cells, 
Microfold cells; MR, Metabolic reconstruction; NTS, Non-typhoidal Salmonella; Rifr, 
Rifampicin resistance; S. Enteritis, Salmonella enterica subspecies enterica serovar 
Enteritis; S. Typhi, Salmonella enterica subspecies enterica serovar Typhi; S. 
Typhimurium, Salmonella enterica subspecies enterica serovar Typhimurium; SBML, 
Systems biology markup language; SCV, Salmonella containing vacuole; SNP, Single 
nucleotide polymorphism; SPI1, Salmonella pathogenicity island 1; SPI2, Salmonella 
pathogenicity island 2; T3SS, Type III secretion system. 
 
